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Abstract
Gamma-ray spectroscopy is an essential tool in the study of nuclear phenomenon.
The study of exotic nuclei and nuclear states have been used to expand the nu-
clear chart as well as understand the origin of the universe. Large volume
high purity germanium arrays, very high beam intensities and more recently
exotic beams have lead to new understanding of nuclear physics. The Ad-
vanced Gamma Tracking Array (AGATA) aims to utilise high purity germa-
nium (HPGe) detectors in order to achieve a dramatic increase in e ciency
over current spectrometers.
The work detailed in this thesis shows a highly detailed characterisation
of two AGATA asymmetric capsules of the same shape in order to test and
compare performances. Detector A004 was acceptance tested and scanned at
the University of Liverpool in February 2010. Detector A006 was scanned be-
tween April and September 2010. Resolution, e ciency and charge collection
parameters have been studied, comparing these two detector. The results of the
comparison show an excellent agreement between the performance of the two
detectors. The depletion rate of the detectors has also been compared quan-
titatively indicating the dependence of depletion on impurity concentration of
the capsules.
An experimental pulse shape database was generated for detector A006.
The sensitivity of the detector response was quantified indicating the regions of
the detector of high variation in pulse shape response. The AGATA detector
library, which used to simulate the detector response for pulse shape analysis,
is compared with this database. The position resolution achieved between the
two data sets has been calculated.
The combination of the detailed comparison and characterisation of the de-
tector with the study of the simulate database will provide the AGATA collab-
oration with useful information to improve detector simulations in the further
for pulse shape analysis.
For my parents, who always believe in me.
It is impossible to enjoy idling thoroughly unless one has plenty of work to do.
- Jerome K. Jerome
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Chapter 1
Introduction
The work presented in this thesis details the characterisation of two AGATA po-
sition sensitive high-purity germanium crystals. The first aim is to compare the
performance of two detectors in order to verify the similarity of their response.
The second part of the analysis details the study of an experimental database
compared with an electric field simulation, the AGATA detector library (ADL),
in order validate the simulation. A discussion of the ADL simulation is also
included.
1.1 Gamma-Ray Spectroscopy
For over 50 years high resolution  -ray spectroscopy with high purity germa-
nium detectors has been a vital tool in furthering the understanding of nuclear
systems and pushing the boundaries of the nuclear chart [1,2]. The behaviour of
these many-bodied systems is determined by both microscopic and macroscopic
features. Nuclear states are investigated through spectroscopy of de-exciting
nuclei. The in-depth study of observables, including excitation energy, isospin,
parity and shape, enables an understanding of the nucleus and the nuclear
models used to describe it.
1.1.1 High-Purity Germanium Arrays
The most powerful tools currently used for  -ray spectroscopy are the large
hyper-pure germanium (HPGe) escape suppression shielded (ESS) arrays in-
cluding among others, EUROGAM and EUROBALL in Europe [3,4] and GAM-
MASPHERE in the United States [5]. These arrays have proven to be invaluable
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devices, providing an e↵ective compromise between energy resolution and pho-
topeak e ciency while maintaining a good peak-to-total (P/T) ratio through
the utilisation of bismuth germanate (BGO) shields surrounding HPGe detec-
tors, depicted in Fig. 1.1 [6]. High P/T is achieved through the veto of events
that undergo incomplete energy deposition.
BGO
HPGe
 
Figure 1.1: HPGe crystal with bismuth germanate shielding, the standard de-
tection unit for large escape suppression arrays. The  -rays which scatter from
the germanium to the BGO shields are vetoed. This detector configuration
reduced the background counts, which greatly increases the peak-to-Compton
ratio of HPGe detector arrays [7].
This anti-Compton scattering BGO shielding of individual HPGe detectors
results in a loss of spatial coverage by HPGe material. This intrinsically limits
the e ciency of these types of arrays due to the loss of coverage of detecting
material. The development of position sensitive detectors as adopted for the
arrays TIGRESS at TRIUMF-ISAC in Vancouver, Canada [8], EXOGAM at
Spiral 2, GANIL in Caen, France [9], and Miniball at REX-ISOLDE, CERN in
Geneva, Switzerland [10] provides more precise identification of interaction po-
sitions ( 5 mm) within the detectors. This precision allows for better Doppler
correction and therefore better energy resolution. The accuracy of the position
determination within these detectors has led to the concept of  -ray tracking
(GRT) in order to recover energy loss through scattering by accurately identi-
fying interaction positions within the detector [11]. The advancement of digital
sampling electronics for accurate recording of time and energy signals allows for
the development of pulse shape analysis (PSA) and therefore provide excellent
e ciency for these arrays.
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1.1.2 Radioactive Ion Beam Facilities
The development of radioactive ion beam (RIB) facilities, including RIBF (Japan),
TRIUMF-ISAC (Canada), SPIRAL2 (France), HIE-ISOLDE (Switzerland), FAIR
(GSI) and SPES (Italy), allows the study of nuclei far from stability [12]. These
facilities provide beams with a broad range of exotic proton- and neutron-
rich nuclei. Greater experimental challenges including large background, high
Doppler broadening and low count rate require more e cient detector arrays.
Highly sensitive  -ray spectroscopy tools are necessary to deal with these chal-
lenges. The goal of the next stage of development is to create spectrometers
strictly from HPGe material with the goal of identification of interactions within
a few millimetre throughout the detectors.
1.2 The AGATA Spectrometer
The AGATA, or Advanced GAmma Tracking Array, will be composed fully
of HPGe crystals [13]. A 4⇡ germanium shell provides an angular resolution
ideally suited for high energy spectroscopy at recoil velocities up to v/c = 50%.
The proposed AGATA ball and the AGATA detection unit, the AGATA triple
cluster, are depicted in Fig. 1.2.
(a) (b)
Figure 1.2: The full 4⇡ AGATA array consisting of 180 AGATA capsules within
60 triple cryostats (right). The AGATA triple cluster is shown on the left. This
idealised configuration will achieve solid angular coverage of 82 % [13].
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AGATA is currently being developed in Europe in order to address these ex-
perimental challenges. The AGATA detection units will consist of triple clusters
of three 36 fold segmented HPGe crystals coupled together within one cryostat,
depicted in Fig. 1.2(b). The goal of AGATA is to have a full HPGe spectrom-
eter, approaching 4⇡ coverage of detecting material. 60 AGATA triple clusters
(ATCs) will form a 180 detector array.
In order to tile properly in a spherical formation, the hexagonal front faces of
the AGATA HPGe crystals are asymmetric. Three di↵erent shapes of crystals
have been developed, referred to as A-type (Red), B-type (Green) and C-type
(Blue) as shown in 1.2(a). These detectors only di↵er in the slightly di↵erent
hexagonal front faces. The position sensitive detectors will be used to track
photon interactions throughout the crystals.
1.2.1 Gamma-Ray Tracking
Gamma-ray tracking utilises highly segmented detectors as well as digital elec-
tronics to identify the location and energy of photon interactions within the
array illustrated in Fig. 1.3.
✓1
E 
E 4
✓2
✓4
E 2
E 1
E 3
✓3
Figure 1.3: An illustration of scattering  -rays tracked through the a segmented
HPGe crystal. The scatters can be summed to calculate the initial full energy of
the  -ray photon. Scattering between adjacent crystals are also reconstructed.
Scattering  -rays are tracked through the array and reconstructed to calcu-
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late the full energy events. The tracked interactions will increase the e ciency
and performance of the array far beyond current escape suppressed arrays. The
removal of the BGO shielding allows for a greater geometric e ciency and higher
performance of these detectors. Several algorithms have been developed by the
AGATA collaboration in order to calculate tracks of interactions within the
array [14].
The improvement of expected performance of the photopeak e ciency, ✏FEP,
at multiplicities, M , 1 and 30 of the AGATA spectrometer over current arrays
is detailed in Table 1.1. Through realistic GEANT4 simulations of the detector,
the expected performance of the full array over current large HPGe arrays is
given, as well as the performance of the AGATA demonstrator [15].
HPGe Array # Detectors Granularity ✏FEPM  = 1 ✏FEPM  = 30
(crystals) (P/T %) (P/T %)
EUROBALL III 71 (239) 239 9 (56) 6 (37)
GAMMASPHERE 110 (110) 110 9 (63)
AGATA 4⇡ 60 (180) 6480 43 (58) 24 (44)
Demonstrator 5 (15) 540 7 (7)
Table 1.1: A summary of the performance of the most e cient HPGe arrays as
well as the expected e ciency and photo peak performance of the AGATA 4⇡
Array and AGATA Demonstrator as calculated by realistic GEANT4 simula-
tions [7, 16, 17].
1.2.2 The AGATA Demonstrator
For the first stage of the AGATA project, the AGATA Demonstrator, Fig.
1.4(a), has been commissioned in order to show the feasibility of the position
sensitive  -ray detection.
Five triple clusters that make up the demonstrator were in use in the array
at INFN, Legnaro, Italy which was completed in early 2011. The demonstrator
has undertaken several experimental campaigns and been successful in match-
ing the performance of arrays of many more detectors. The HPGe detectors
characterised within this work were used within the 5 AGATA triple clusters.
The next phase currently being commissioned is for the AGATA demon-
strator to be paired with five ‘double clusters’ consisting of units of two HPGe
crystals mounted within single cryostats at the PRESPEC setup at GSI. The
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Figure 1.4: The AGATA Demonstrator consisting of 5 triple cluster detectors.
15 HPGe crystal are included in this setup in total.
utility of the AGATA array is that it can be used dynamically within di↵erent
setups and with the ability to couple with anciliary detectors.
1.3 Pulse Shape Analysis
Gamma-ray tracking reconstructs the paths of  -ray Compton scattering in-
teractions throughout a segmented HPGe crystal using very accurate energy,
position and time information. Initial position information is extracted through
the segmentation. Accuracy within a few mm3 is achieved through pulse shape
analysis (PSA), which uses the shape of the charge collecting signal as well
as the intensity of the transient signals in neighbouring segments in order to
determine the x, y, and z positions [18].
A database of pulse shapes is generated from a simulation of the crystal.
These simulations incorporate the physical details of the germanium crystal
and apply the signal generation properties in order to generate libraries of pulse
shapes which can be compared to the digitally recorded detector signals. In
this way, the position of each interaction is identified.
There are several algorithms within the AGATA collaboration that utilise
pulse shape databases to identify hit locations. Once the geometric locations of
the interactions are identified, gamma-ray tracking can be used.
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1.4 Detector Characterisation
The success of tracking arrays such as AGATA depends upon the ability to
reconstruct the paths of  -ray scatters within the germanium detectors. Cur-
rently simulated databases of pulses are used within experimental pulse shape
analysis.
It is necessary to validate these experimental databases with real pulse
shapes generated by the detector. The pulse shape response is determined by
the properties of the HPGe crystal, the voltages supplied by the detector as well
as the preamplifier characteristics. The process of detector characterisation is
performed to a detailed analysis of the response function of the AGATA detec-
tors. Simulated databases of pulse shapes can be validated with experimental
data, allowing for improved PSA.
1.5 Aims of this Thesis
The goal of this work is to present the characterisation and study of the AGATA
A-type capsules. The first part of this work is to compare directly the response
and performance of two AGATA A-type crystals. A study of the operating per-
formance has been undertaken examining the signal response. The performance
at reduced bias voltages has been examined in order to study the depletion be-
haviour of the crystals. In the experimental operation of the AGATA arrays,
detector electric field simulations are used to generate pulse shape libraries. The
AGATA detector library (ADL) simulation code is introduced and a database
of pulses is generated to study the simulation performance. The last part of
this thesis is the validation of the ADL simulation with an experimentally gen-
erated database of pulse shapes. This work, in combination with other AGATA
characterisation work, will aid the understanding of the AGATA asymmetric
crystals.
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Principles of  -Ray Detection
In this chapter the physical processes important to high resolution  -ray spec-
troscopy will be described. The production of the charge carriers within the
detection medium determines the performance of the detector. The photon in-
teractions discussed below will produce free electrons-hole pairs in  -ray detec-
tors, which can be collected and transformed into a signal. Basic semiconductor
physics as well as signal processing are discussed in Chapter 3. Fundamental
to the more complex study of pulse shape analysis are the underlying processes
which form the signals of the detector, defined by the structure of the semicon-
ductors as well as the electronics used to generate the detector signal.
2.1 Photon Interactions with Matter
There are several mechanisms in which photon radiation interacts with matter.
Photon energy is not degraded but only attenuated as it passes through matter
[19]. This attenuation results from the scattering and absorption of the photons
and is described by Equation 2.1:
I(x) = I0(x)
 µt (2.1)
where I0(x) is the incident number of photons, µ is the absorption coe cient
characteristic of the material and t is the thickness of the absorber. The ab-
sorption coe cient is determined by Equation 2.2:
µ =
⇣NA⇢
A
⌘
 TOT (2.2)
where ⇢ is the material density, NA is Avogadro’s number (6.022 mol
 1), A is
8
Chapter 2: Principles of  -Ray Detection
the atomic mass and  TOT is the total cross-section of photon interactions.
In the energy regime of interest, 50 keV - 10 MeV, the dominant mecha-
nisms of interaction are photoelectric absorption, Compton scattering and pair
production. The cross sections for each of these interactions determines  TOT ,
 TOT =  PhotoAbsorb +  Compton +  PairProd (2.3)
The relative probabilities of those processes in the energy regime of interest are
illustrated in Fig. 2.1.
Z
of
ab
so
rb
er
energy in MeV
Photoelectric
Absorption
Pair
Production
Compton
Scattering
Figure 2.1: The three dominant types of  -ray interactions. The values   = ⌧
and   =  lines are for values of Z and energy where each interaction type
occurs in equal proportion. Adapted from [20].
The photoelectric absorption process is enhanced in higher Z material. The
probability of Compton scattering depends on the number of electrons within
a material and therefore increases linearity with Z.
2.1.1 Photoelectric Absorption
Photoelectric absorption is the dominating photon interaction at  -ray energies
below 200 keV. In this process, a photon is absorbed by an atomic electron and
the electron is subsequently ejected from the atom. The electron will be ejected
if its energy, Ee , is greater than the binding energy of the electron, Eb:
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E  = Ee    Eb (2.4)
where E  is the energy of the incoming photon, illustrated in Fig. 2.2.
E 
Ee 
Figure 2.2: A schematic illustration of photoelectric absorption.
The most probable source of this photoelectron is from the most tightly
bound K shell of the atom. This interaction only occurs with bound electrons, as
free electrons cannot absorb the energy of the photon and conserve momentum.
The nucleus of the bound electron will absorb the recoil momentum. This
interaction will leave an ionised absorber atom which will be filled by either
the capture of a neighbouring free electron or the rearrangements of electrons
from other shells. Characteristic X-rays will then also be emitted through the
rearrangement of electrons which fill the vacant shell.
2.1.2 Compton Scattering
Compton scattering occurs when through the deflection of a  -ray by the outer
shell electron of an atom within the absorbing material, illustrated in Fig. 2.3.
✓
E 
E 0 
Ee 
Figure 2.3: A schematic illustration of the Compton Scattering process.
The photon scatters at an angle dependent upon the incident  -ray energy,
where the energy of the  -ray is much greater than the electron binding energy,
E  >> Eb, partial energy from the  -ray will be transferred to the electron.
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Assuming the electron is at rest, the energy of the deflected  -ray, E 0 , is deter-
mined by the scattering angle, ✓, through the conservation of momentum, and
is given by the Compton scattering formula, Equation 2.5:
E 0  =
E 
1 + h⌫m0c2 (1  cos✓)
(2.5)
where m0c
2 is the rest-mass energy of the electron, 0.511 MeV. For greater ✓,
more energy is deposited resulting in a lower E 0  value. For lower scattering
angles, less energy is deposited. This interaction process is the dominant inter-
action within the energy regime of 0.2 MeV  E   7 MeV . The  -ray will
continue to scatter until it undergoes photoelectric absorption.
The Klein-Nishina formula
The Klein-Nishina formula, equation 2.6, indicates the di↵erential cross section
for Compton scattering as a function of scattering angle [21].
d 
d⌦
= Zr20
 
1
1 + ↵(1  cos✓)
!2 
1 + cos2✓
2
! 
1+
↵2(1  cos✓)2
(1 + cos2✓)(1 + ↵(1  cos✓))
!
(2.6)
↵ = hv/(m0c
2) and r0 is the classical electron radius. Higher energy photons
scatter forward and lower energy photons scatter isotropically, depicted in the
polar plot of the angular distribution of photon scatters, Fig. 2.4.
✓ = 90 
✓ = 90 
✓ = 180  ✓ = 0 
1 keV
100 keV
500 keV
1000 keV
5000 keV
Figure 2.4: A polar plot of the angular distribution of photons incident from
the left for germanium described by the Klein-Nishina formula.
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2.1.3 Pair Production
Pair production occurs at photon energies, E    1022 keV. The  -ray will
interact with the Coulomb field of an atom and produce an electron and a
positron pair, depicted in Fig. 2.5.
E 
Ee 
Ee+
E  = 511 keV
E  = 511 keV
Figure 2.5: A schematic illustration of the pair production process. This process
will only occur for photons of energies above 1022 keV.
A short distance later this positron will annihilate and produce two back to
back photons of energy 511 keV. This process is the least likely to occur in the
region of interest for  -ray spectroscopy with HPGe detectors.
2.2 High Purity Germanium Spectrometers
The nuclear structure studies that can be performed depend on the properties
of the spectrometer [7]. The performance of large HPGe spectrometers and the
constituent detectors is quantifiable through determination of the e ciency,
resolving power and energy resolution. These parameters are defined for the
large escape suppressed spectrometers (ESS) arrays as well as the proposed
AGATA array in Table 1.1.
2.2.1 Detection E ciency
The ratio of the detector  -rays versus those emitted from a radiation source is
defined as the absolute e ciency, ✏abs. The intrinsic e ciency, ✏int, is the ratio
of  -rays incident on the detection volume which are detected. An important
consideration for designing a HPGe spectrometer is the spectral quality. The
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spectral quality is determined by the photo peak energy peak e ciency, ✏phot, of
counts occurring in the spectral photo peak and the ratio between counts in the
photo-peak to the total spectral counts, the peak-to-total ratio. The absolute
e ciency of an array of N detectors which subtend the angle ⌦, is
✏abs =
N⌦
4⇡
✏int (2.7)
where ✏int is the intrinsic e ciency for each detector. For a spherical array of
N detectors the total e ciency, ✏Tot, is then given by Equation 2.8:
✏Tot =
1
4⇡
X
N
RP/T⌦✏int (2.8)
where RP/T , is the peak-to-total ratio. The peak-to-total ratio determines what
proportion of events are in the photopeak of interest, Equation 2.9:
RP/T =
✏phot
✏Tot
(2.9)
where a ratio is taken between total events detected, ✏Tot, and those counts
occurring in the photopeak, ✏phot.
The most likely interaction in the energy range of interest is through Comp-
ton scattering. This mechanism highly a↵ects the RP/T value, resulting in a
loss of e ciency for nuclear physics studies. For standard ESS arrays, the
e ciency achieved is su cient for stable beam facilities as the Compton back-
ground counts are vetoed. However, the ESS arrays are not sensitive enough
for the low beam intensity of radioactive ion beam (RIB) facilities, as discussed
in Section 1.1.2. The development of tracking arrays allows for the summa-
tion of the energy deposited through multiple Compton scattering interactions
and photoelectric absorption. This improves the e ciency of the arrays whilst
maintaining the excellent peak-to-total values.
2.2.2 Spectrometer Energy Resolution
The energy resolution achieved in an energy spectrum,  E  (or the full width of
the photopeak at half maximum, FWHM), is determined by the intrinsic energy
resolution of the HPGe detector [7]. Germanium detectors have excellent energy
resolution: 2 keV FWHM at 1 MeV (0.2 %) [22].
The intrinsic energy resolution is given by the sum of noise contributions
due to statistical noise fluctuations,  ES, incomplete charge collection  EX ,
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and electronic noise resulting from the electronic components  EE [22]. The
intrinsic energy resolution, Ei, is given in Equation 2.14,
( Ei)
2 = ( ES)
2 + ( EX)
2 + ( EE)
2. (2.10)
The value of the statistical noise is determined by the fluctuation in charge
carriers (Section 3.1.1), which a↵ects the energy, as shown in Equation 2.11:
 ES =
q
(2.35)2F ✏pairE  (2.11)
where F is the Fano factor. The Fano factor is related to the number of charge
carriers produced, [23], described in Equation 2.12:
h N2i = FN (2.12)
For germanium, F ⇠ 0.11. The Fano factor is defined as di↵erence in the
observed statistical fluctuations of the number of charge carriers versus that
predicted by Poisson statistics [22].
Incomplete charge collection is the result of charge trapping in the Germa-
nium material. Trapping rates are electric field dependant, and trapping occurs
in low electric field strength, i.e. the detector corners.
Doppler Broadening
Doppler broadening contributes to a degraded energy resolution within the ex-
perimental setting. The energy of  -rays produced by particles recoiling from
nuclear interactions at high velocities (a large fraction of the speed of light,  
= v/c) is shifted proportional to the source velocity. The energy shift is the
Doppler shift and is given by:
E 0  = E 
✓ p
1   2
1   cos✓ 
◆
⇡ E (1 +  cos✓ ) (2.13)
for small  .
The final  -ray energy resolution achieved is a combination of the intrinsic
energy resolution,  Ei, the Doppler broadening due to the opening angle of the
detectors,  ED, the angular spread,  ER, and the velocity variation,  Ev, of
the recoil particles in the experiment.
 E  =
p
( Ei)2 + ( ED)2 + ( ER)2 + ( Ev)2 (2.14)
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The energy resolution of an array therefore will depend upon the resolution of
each detector as well as the overall array configuration. The development of seg-
mented detectors, resulting in better position identification for first interactions,
which reduces the e↵ect of Doppler broadening.
2.2.3 Detection Sensitivity
The detection sensitivity of a  -ray spectrometer is determined by its ability of
resolve between two spectral  -ray peaks of energy E1 and E2. The minimum
value of the separation energy, S  = E2   E1, that can be resolved determines
the resolving power, R. The resolving power is also calculated by the energy
resolution,  E  [3]. The resolving power of a spectrometer defined in relation
to RP/T is given in Equation 2.15,
R =
S 
 E 
RP/T . (2.15)
For ESS germanium arrays, this value was improved by the large peak-to-total
through the suppression of background events. For the AGATA spectrometer,
the high RP/T will be achieved through the summing of energy deposited by
Compton scattered photons within multiple segments, as discussed in Section
1.2.1
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Basic Semiconductor Physics
Semiconductors are utilised across the field of radiation detection. Intrinsic
semiconducting materials, including germanium and silicon, as well as com-
pounds including cadmium zinc telluride (CdZnTe) have yielded many applica-
tions across research and medical fields. The use of semiconductors for radiation
will be discussed in the following chapter.
3.1 Crystalline Structure of Semiconductors
Solids have an underlying structure in which outer atomic electrons are cova-
lently bonded with neighbouring atoms in a crystal lattice. Germanium and
silicon are both tetravalent semiconductors with four outer electrons forming
covalent bonds to the neighbouring atoms. The atoms are arranged in a face
centred cubic (fcc) arrangement, depicted in Fig. 3.1.
Figure 3.1: The face centred lattice structure of germanium and silicon. The
four outer electrons of these tetravalent atoms form covalent bonds with neigh-
bouring atoms.
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3.1.1 Electron Energy Bands and Charge Carriers
Within crystalline solids electrons exist in discrete allowed energy bands. The
conductivity of this material is defined by the configuration of the conducting
band and the valence band. Within a conductor, there is no gap between the
valence and conducting bands, allowing electrons to travel freely throughout the
germanium crystal. In the case of an insulator, these two bands are separated
by a large energy gap (6 eV or more), such that electrons are held within the
conduction band are not free to move. The configuration of energy bands is
depicted in Fig. 3.2.
Eg = Ec   Ev
Ec
Ev
Conduction
Valence Band
f(✏)
E
n
er
gy
E
n
er
gy
Band
µ
Figure 3.2: Band structure of solids. Within semiconductors the Eg value is
such that the electrons may traverse the band gap. At f(✏) = 1/2, the energy
range is midway between the valence band ends and the conduction band edge.
Adapted from [24].
Semiconductors possess energy band gaps, Eg, ⇠ 0.75 eV. At temperatures
of 0 K, all electrons within a semiconductor are held within the non-conducting
valence band. Electrons with energy   3 eV will cross the band gap and tra-
verse the conduction band. At room temperature, thermally excited electrons
will move and leave holes behind, creating an e-h pair, which are referred to
as intrinsic charge carriers. An illustration of the covalent bonds and charge
carriers is shown in Fig. 3.3.
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Figure 3.3: The covalent bonded electrons. At 0 K, all of the electrons occupy
the crystal lattice. Above 0 K electrons can separate from their parent atoms
and form e-h pairs, or charge carriers.
The intrinsic concentration of charge carriers can be determined as a function
of temperature. The intrinsic concentration of charge carriers is described by
Equation 3.1
np = n2i = AT
3exp
⇣ Eg
kBT
⌘
(3.1)
where np is the number of charge carriers, T is the temperature, kB is the
Boltzman constant and A is a constant. This is the Fermi-Dirac probability,
f(✏). To calculate the number of electrons excited to the conduction band at
temperature, T , the chemical potential, µ, (the Fermi level) is used. The Fermi-
Dirac distribution function gives the concentration of intrinsic charge carriers.
For the conduction band, the energy, ✏, of the electron is such that µ - ✏  kBT .
This results in the Fermi-Dirac equation reducing to:
fe ' exp

µ  ✏
kBT
 
(3.2)
where kBT is the thermal energy and fe is the probability that a conduction
electron orbital is occupied. This probability is illustrated in Fig. 3.2.
3.1.2 Crystal Doping
The behaviour of semiconductors can be manipulated with the addition of im-
purities through doping. When germanium, which possess 4 valence electrons, is
doped with either a trivalent or pentavalent material, it will contain an excess
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of charge carriers. Trivalent doping creates a p-type semiconductor through
the introduction of more holes within the crystal lattice structure. Trivalent
dopant such as lithium, with three valence electrons is commonly used. Nega-
tive, n-type impurities are introduced to produce more electrons. Phosphorous
is commonly used in this case; the 5 valence electron atoms will replace the in-
trinsic atoms within the crystal lattice. The charge carriers introduced through
this process will exist in energy levels close to the valence and conduction bands,
respectively.
Acceptor Impurity
Acceptor impurity level
en
er
gy
Donor Impurity
Donor impurity level
en
er
gy
Figure 3.4: Donor and acceptor impurities with the donor energy level at which
the excess charge carriers will occur. Adapted from [19].
A pure HPGe crystal contains an intrinsic equal amounts of electrons and
holes. A typical zone refined HPGe crystal used for radiation detection is formed
from a pure single Ge crystal, with a given net impurity concentration.
The AGATA crystals are formed from n-type germanium material such that
they contain excess electrons, and possess a concentration of ⇠ 1010 atoms/cm3
impurities. The gradient of impurity concentration along the length of AGATA
crystals is generated due to the crystal growing process.
3.2 Semiconductors for Radiation Detection
Semiconductor diodes can be utilised in order to detect radiation. For the
detection of  -rays, germanium is preferred over silicon due to the higher atomic
number (Z = 32 for Ge over Z = 14 for Si) which increases the detection
e ciency due to the higher stopping power. The band gap for germanium
is also smaller than that of silicon, resulting in better energy resolution as
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described in 2.2.2. Additionally, germanium detectors can be made from very
pure materials, grown into large crystals. Si and CdZiTe material cannot be
grown in a into large crystals with good resolution compared with germanium.
Details of Ge and Si semiconducting materials are given in Table 3.1.
Property Silicon Germanium
Atomic Number, Z 14 32
Crystal structure Diamond Diamond
Density (g/cm3) 2.33 5.32
Energy Gap, Eg (eV) (at 0 K) 1.165 0.746
Energy Gap, Eg (eV) (at 300 K) 1.115 0.665
Fano Factor 0.115 0.13
Energy per e-h pair (eV) (at 77 K) 3.76 2.96
Dielectric Constant 11.9 16.20
Table 3.1: Physical properties of silicon and germanium semiconductors relevant
to radiation detection. This data was taken from [22,25].
Germanium detectors must be cooled to liquid nitrogen temperatures (77
K) so that thermal energy will not contribute the production of charge carriers,
whereas silicon detectors can be operated at room temperature due to the larger
band gap energy which silicon posses.
3.2.1 The PN-Junction
When p-type and n-type materials are placed in close thermodynamic contact
they form a diode. The excess electrons from the pentavalent material will
di↵use towards the positive trivalent p-type material across the junction until
the electrons and holes recombine. This creates a region depleted of free charge
carriers, the depletion region, shown in Fig. 3.5.
An electric potential, V0, is produced at the pn-junction by the recombina-
tion of the di↵used charges. A net space charge distribution is formed which
then produced the electric potential and associated electric field that limits fur-
ther di↵usion. This is referred to as the depletion region as it is depleted of free
charge carriers. This is further discussed in Section 3.2.2.
For the AGATA array, n-type crystals are preferable over p-type crystals
due to their resistance to neutron damage. Neutron damage causes germanium
atoms to be dislocated from the lattice positions. Holes can become trapped
and result in deteriorated charge collection. N-type crystals are less sensitive
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Figure 3.5: The equilibrium generated from the formation of the semiconductor
junction. At the contact between the p-type and n-type material the free charge
carriers recombine. An electric potential,  V is formed in this region which
prevents further di↵usion. Adapted from [19].
to neutron damage because holes are collected by the outer contact in these
crystals. The holes travel a shorter distance on average due to  -rays interacting
on the outer region of the crystal.
Within the AGATA detectors, two contacts are applied to the detector. The
outer contact which is implanted with a thin boron layer, 50 µm thick, of p-
type material which creates the pn-junction. The inner contact is drifted with
lithium which will form an ohmic junction. The rectifying contact of a coaxial
detector is placed at the outer surface as this results in a lower field strength at
the contacts when applying the depletion voltage.
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3.2.2 Reverse-Biased Depletion Region
A semiconductor diode can be used as a detector through the collection of
charge carriers produced by photon energy [22]. However, the small width of
the depleted region will result in poor operational performance due to the small
active volume. Therefore, under operation, a reverse bias is applied across the
detector to extend the depletion region from the pn-junction. As this positive
bias is applied at the pn-junction, the electrons are attracted towards the central
contact. The depletion region will extend further toward the central contact of
the crystal.
The applied voltage will enhance the depletion region. If the detector be-
comes fully depleted, the potential throughout the detector will be given by the
Poisson equation, Equation 3.3. This can be solved to determine the potential,
 , at any point within the crystal,
r2  =  ⇢/✏0 (3.3)
where ⇢ is the net charge density (space charge) and ✏0 is the dielectric constant
for the material. The electric field, E, can then also be calculated through:
E =  r  (3.4)
Charge carriers excited in this region will be swept by the applied electric field
to the contacts. The depth of the depletion region, d, can be calculated using
the Poisson equation.
The depletion depth for a planar geometry is proportional to the applied
bias, Equation 3.5,
d ⇠=
r
2eV
N
(3.5)
where e is the electric charge and N is the impurity concentration. High purity
(low N) is required on one side of the pn-junction to create a large depletion
region.
3.2.3 Applied Bias Voltage
The detector we are considering may be approximated to a coaxial detector.
The Poisson Equation 3.3 can be written in cylindrical coordinates:
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d2 
dr2
+
1
r
d 
dr
=   ⇢
✏0
(3.6)
Solving this equation using Equation 3.4, with the potential di↵erence equalling
the applied bias voltage, the electric field can be described using:
 E(r) =   ⇢
2✏0
r +
V + (⇢/4✏0)(r22   r22)
rln(r2/r1)
(3.7)
where r1 and r2 are the inner and outer radii of the coaxial detector.
The electric field varies in the AGATA detectors. There is a passivating
layer formed on the back of the crystal in order to limit surface leakage current.
This layer must have high resistivity and be electrically passive. Additional
problems can occur from the application of the passivating layer causing the
electric field within the detector to bend away from the surface, resulting in low
field strength and reduced charge collection in those regions [2].
The depletion region as discussed in 3.2.2 is the sensitive region of the detec-
tor. The voltage required to deplete the detector, Vd, is determined by setting
E(r1) = 0:
Vd =
⇢
2✏0

r21ln
r2
r1
  1
2
(r22   r21)
 
(3.8)
where r1 is the inner radius and r2 is the outer radius of the coaxial detector.
The depletion region growth for a coaxial tapered HPGe detector is depicted
in Fig. 3.6.
3.3 Signal Formation
As with many types of radiation detectors the number of freed charge carriers
produced is proportionate to the energy introduced to the crystal, which is then
converted into a current signal through several mechanisms. Within semicon-
ductor detectors the charge carriers induce signals on electrical contacts. The
mobility, µ, of these charge carriers determines the drift velocity and therefore
the risetime of the signals.
3.3.1 Anisotropic Drift Velocity
The crystallographic axis orientation determines the path and drift velocity of
the charge carriers. Miller indices define the lattice planes for crystal configu-
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Figure 3.6: Depletion region growth from the pn-junction at the outer electrode.
The reverse bias applied to the core contact allows for the depletion region
growth.
rations [24]. For the face-centred cubic configuration of germanium, the Miller
indices are (100), (110), and (111). These planes can be distinguished by the
density of atoms which varies in each axis. The h100i direction has the highest
density of atoms, whereas the h111i direction has the lowest density of atoms.
The planes that the charge carriers travel across are indicated below in Fig. 3.7.
h111ih110ih100i
Figure 3.7: Germanium face-centred lattice structure, planes in which electrons
will traverse with crystallographic directions h100i, h110i and h111i.
The drift velocity of the charge carriers, vd, varies over these crystal direc-
tions as discussed within [26]. As the charge carriers traverse the crystal lattice
their speed is dependant upon crystallographic directions, indicated in Fig. 3.8.
The electric field, E, also determines the drift velocity. The electric field
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results in a net migration of charge carriers. The electron and hole velocity
magnitude is proportional and in the direction of a crystallographic axis, par-
allel to the applied electric field. This charge carrier drift velocity, v, can be
calculated using the charge carrier mobility, µ0, from Equation 3.9, from [22]:
v =
µ0E
[1 + (E/E0) ]1/ 
. (3.9)
where E0 and   are the modelling parameters. At high electric fields, µ is
anisotropic and thus the drift velocities are anisotropic. The longitudinal anisotropy,
vl, can be defined for the principal crystallographic direction l, where Equation
3.9 becomes Equation 3.10,
vl =
µ0E
[1 + (E/E0) ]1/ 
+ µnE (3.10)
where µnE accounts for e↵ects at high field strength above 3 kV/cm at 80
K [27]. The electron drift velocity varying with crystal axis is depicted in Fig.
3.8.
literature data may not be adequate for simulation of a
specific detector to high precision. This is not surprising as
k0ðEÞ for the hole mobility plays a similar role as the
intervalley scattering rate nðEÞ does for the electron
mobility: both define the shape of the underlying distribu-
tion function of the ~k-states involved. Sample dependent
variations in k0ðEÞ of the same order as observed for nðEÞ
are therefore not unexpected.
4.4. Comparison with the electron mobility model
To demonstrate the differences between the hole
mobility model and the electron mobility model, the
variation of Eq. (22) with electrical field orientation is
shown in Fig. 8. The value k0 was taken to be 0.8, which
according to Fig. 7 corresponds to E ¼ 1200V=cm for a
large volume HPGe detector. For holes, mainly the drift
velocity along the h1 0 0i is faster than in other directions,
which gives rise to the cubic shape of the radial drift
velocity component in Fig. 8(a). Compared to Fig. 3(a),
this is a major difference between hole and electron
longitudinal anisotropy.
Also the tangential velocity anisotropy vt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2y þ v2f
q
behaves remarkably different. The electron and hole
tangential anisotropy is plotted as a function of the field
orientation in Fig. 9. The amplitude variations of the hole
tangential components are oriented along the h1 0 0i
directions, while for the electron tangential anisotropy,
the h1 1 1i directions play a similar role.
In the coaxial part of the detector, the hole tangential
component behaves identical to the electron tangential
component. In both cases, the vy component is zero and,
when following the direction of the drift velocity, a vf
component is present, which in both cases point towards
the nearest h1 0 0i direction. The inversions in graph
Fig. 8(b),(c),(e),(f) with respect to Fig. 3(b),(c),(e),(f) is
due to the fact that holes and electrons move in the
opposite directions.
Both the electron and hole velocity anisotropy in HPGe
detectors create measurable rise time effects and are
therefore relevant to pulse shape analysis.
5. Conclusion and outlook
The problem of electron and hole mobility characteriza-
tion in HPGe detectors was addressed in this paper from a
theoretical point of view. An alternative electron mobility
parameterization was presented, however the more im-
portant contribution is an applicable anisotropic hole
mobility model. The validity of this model was demon-
strated for drift velocities along crystallographic symmetry
axes using existing data from literature. The longitudinal
and tangential velocity anisotropy as a function of the
electrical field orientation for the hole mobility behaves
very different from the electron mobility. The anisotropy in
electron and hole mobility cause specific rise times and
pulse shapes as a function of the location where the charge
carriers are created in the Ge crystal. These measurable
effects are of pivotal interest for position determination
and g-ray tracking. A method for measuring these mobility
parameters on HPGe detectors is described in a follow up
paper [10] providing also the experimental validation of the
proposed hole mobility model for arbitrary directions of
the orientation of the electrical field.
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Fig. 6. Experimental data on the longitudinal anisotropy taken from Ref.
[16]. The solid lines to the v100 and v111 data correspond to the optimum fit
obtained using Eq. (1). The values obtained by the fit are listed in Table 1.
The solid line through the v110 data is the prediction by our model and
using the v100 and v111 fitted curves.
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Fig. 7. The reduced k0 parameter as function of the field strength
according to the data taken from Ref. [16] (solid line) and from our results
[10] (dashed line). The single points correspond to the five values quoted in
Ref. [23].
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Figure 3.8: The electric fi ld influence on the an sotr pic ectron drift velocity
in germanium. The drift velocity varied over the three principle crystall graphic
axes. Figure from [27].
Values for the electron and hole mobilities were determined from [26–28].
The electron drift velocity increases first linearly with a applied electric field. At
higher electric fields, he charge carriers travel with the highest v locity alo g
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the h100i-direction, where the atom density is lowest. The h100i-direction is
the fast axis, the h111i is the slow axis. This anisotropy of charge collection
velocity is an important feature for pulse shape analysis, as the variation with
crystallographic axes and the charge collection velocity as shown.
3.3.2 Signal Generation
Signal currents are induced on the crystal contacts through the movement of
free charge, q, within detector. The charge is distributed in a localised manner
such that the electrons and holes produced through a photon interaction can be
considered as charge clouds of negligible size. As a charge cloud drifts towards an
electrode, a charge is induced on the electrode. The current flowing towards this
electrode is registered by the preamplifier which integrates it over a feedback
capacitor; preamplifiers are discussed in length in Section 3.4.1. The output
of the preamplifier yields a signal with amplitude through the field e↵ective
transistors (FETs) throughout the crystal from the Coulomb field of this charge
cloud. The electric field throughout the volume also a↵ects the Coulomb field.
The time for the signal charges to reach the corresponding electrodes is the
collection time tC .
The signal charge, Q, induced on the electrode is given by Gauss’ law, Equa-
tion 3.11:
Q =
I
S
✏0E · dS (3.11)
where S is the surface of the electrode over which the charge, Q is calculated.
The total charge induced is calculated by computing the electric field induced
at each point over the surface of the electrode, described in Equation 3.12,
E / Q =
Z Tc
0
isig(t) · dt (3.12)
where the charge is determined by, isig, the current of the feedback signal
within time, t.
3.3.3 Weighting Potential
Solving Equation 3.11 is arduous due to the fact that the field must be recal-
culated at every point of the charge trajectory. The induced charge can be
calculated from the current induced on the electrode as introduced in [29].
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The Shockley-Ramo theorem can be used, which states that the instanta-
neous charge, Q, and induced current, i, can be calculated using Equation 3.13
and Equation 3.14, where v is the instantaneous velocity [30, 31],
Q =  q ·  w(x) (3.13)
i = qv · Ew(x) (3.14)
where q is the electric charge in the detector at position x,  w(x) is referred to
as the weighting potential and Ew is the weighting field.
The weighting potentials are the solution to the Laplace equation with the
boundary condition of  w = 1 on the electrode and  w = 0 on all other elec-
trodes.
From the boundary conditions, a charge placed near the collection electrode
will induce an image charge on the electrode, -q, while the charge induced on
neighbouring electrodes will be 0. Transient charges are induced during the
collection time on the neighbouring electrodes, which are proportional to the
radial position of the charge carriers. This results in the ability to identify the
radial position of the photon interaction.
The weighting potential makes calculation of the induced charge much sim-
pler than Equation 3.11 by using the charge location and electrode configura-
tion, which only require the weighting potentials to be evaluated once.
3.4 Detector Electronics
3.4.1 The Charge Sensitive Preamplifier
Preamplifiers are necessary in order to shape, amplify and convert the small
amount of charge induced on the detector electrodes into a voltage signal. The
capacitance of semiconductors will vary with temperature. Due to this e↵ect,
preamplifier must be charge sensitive rather than voltage sensitive [19].
In the first step of pre-amplification, induced charge is converted into a
current discussed further in [25]. The preamplifier preserves the leading edge of
the signal produced by the detector.
A schematic representation of a simple charge sensitive preamplifier is given
in Fig. 3.9.
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Figure 3.9: A schematic depiction of the components of a basic charge sensitive
preamplifier.
The charge pulse is integrated over the contact capacitor, Cd. Within the
preamplifier, the signal is amplified with an inverting amplifier with a feedback
capacitance, Cf . The signal produced by a preamplifier, Vout, is
Vout =  Qin
Cf
(3.15)
where the charge, Qin, can be calculated to be,
Qin = Vin(Cf + Cd + Cin) (3.16)
The preamplifier applies a pulse decay according to the time constant given
by Cf and Rf . The current discharges until the preamplifier output stage is
brought back to the zero voltage floor with a decay constant of the feedback
circuit (⌧ = RFCF ⇠ 1 ms), which is converted by the pole-zero cancellation
network into ⌧ = 50 µs in a later stage of pre amplification. The preamplifier
must be placed as close as possible to the detector to minimise noise induced by
the resistivity of the wire between the electrode and preamplifier, as the noise
on the components will also be amplified.
3.4.2 The AGATA Preamplifier
AGATA preamplifiers have been developed for use within the AGATA triple
clusters. The preamplifier structure is divided into two parts, a cold FET
component and a cold low noise transimpedance amplifier, pole-zero stage, dif-
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ferential output bu↵er and a fast-reset. Two segment and one core AGATA
preamplifiers have been designed by the collaboration in GANIL, The Univer-
sity of Milan and the University of Cologne, the details of which are discussed
in [32]. The configuration of the AGATA preamplifier is shown in Fig. 3.10,
adapted from [32].
1 2
1
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Warm Stage
Charge loop P/Z amplifier
Cold Stage
RF
CF
ids(t)
VX
A
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RF RF
RE
RF
VEE
Schmidt trigger
comparator
Figure 3.10: A simplified illustration of the AGATA hybrid preamplifier. The
FET is located in the cold stage very close to the detector.
Each segmented AGATA capsule utilises 36 cold FETs for the segments and
one for the core. These are placed within the cooling cryostat directly next to the
capsule to minimise noise, as discussed above. Six warm segment preamplifier
boards and one core preamplifier board provide the fast transfer functions for
unperturbed traces which are necessary for pulses shape analysis. A high count
rate capability is necessary to take advantage of the full e ciency of the array.
The fast reset utilises a Schmitt trigger comparator to discharge the current.
This component continuously senses the amplitude of the preamplifier output
signal, which is then discharges so that the baseline returns to zero.
29
Chapter 3: Basic Semiconductor Physics
3.4.3 Crosstalk
Crosstalk occurs through the capacitive coupling between both the segments of a
multifold detector and the connection of the segments with electronics [33]. Real
charge signals induce transient signals and non-transient signals upon neigh-
bouring components and segments through this process. This e↵ect degrades
the energy resolution as the signal is shared between multiple segments.
There are two components to the signal shape induced by crosstalk, propor-
tional and di↵erential. The proportional crosstalk is related to the magnitude of
the charge signal. The derivative cross talk is the derivative of this real charge
signal. Corrections can be applied to the detector output data that can account
for the crosstalk [34].
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AGATA Asymmetric Capsule
Performance
The AGATA triple cluster (ATC), depicted in Fig. 1.2(b), is the detection
unit of the AGATA spectrometer. Each ATC is composed of three 36 segment
asymmetric semi-hexagonal encapsulated HPGe crystals coupled within a single
cryostat. The front face shape of the three unique crystals only varies in the
di↵ering angles of the asymmetric hexagonal shape [13]. Two AGATA encap-
sulated HPGe crystals, A004 and A006, have been studied and characterised in
this work.
Energy resolution and e ciency measurements were made using several ra-
diation sources in order to test the performance of the capsules. These measure-
ments are used to ensure that the capsules are within the AGATA performance
specifications. Highly collimated photon scans of each capsule were performed
to study electrical response in detail. This scanning process and the results are
discussed in detail in Section 4.3. Characterisation measurements were made
to define the charge collection parameters as discussed within [28]. A detailed
comparison between the two capsules, A004 and A006, is made within Sections
4.4.1, 4.7 and 4.8.
4.1 Capsule Details
The AGATA encapsulated crystals are manufactured by Canberra Eurysis in
France. An agreement with the manufacturer restricts each capsule to several
design criteria specified by the AGATA collaboration [35]. Each crystal has a
asymmetric front face shape, tapered at an 8   angle to an asymmetric hexagon
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as shown in Fig. 4.1. Each crystal has a back diameter of 80 mm and a length
of 90 ± 1 mm [13]. The centre contact bore hole where the core electrode is
located has a 5 mm radius and extends to within 13 mm of the front face. Each
AGATA HPGe crystal is electrically divided into 36 segments, shown in Fig.
4.1.
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Figure 4.1: Electrical segmentation of AGATA A-type asymmetric detector.
The labelling scheme of each segment is depicted as well as the crystal dimen-
sions and ring depths and segment dimensions (right). The segment dimensions
correspond only to the A-type crystal.
This hexagonal tapering is necessary for the close packing of the crystals
which allows for the full AGATA array to achieve 82% solid angle coverage.
The asymmetric shape is required for the geodesic tiling of the crystals. The
segmentation of the detectors yields 6 rings of depths 8, 13, 15, 18 and18 mm
from the front of the crystal. Each ring is also segmented into 6 sectors, which
produces slightly di↵erently size segments due to the asymmetry of the crystal
shape. The segments are optimised in size and the rings optimised in width for
uniform  -ray distribution and pulse shape sensitivity through simulations [36].
Each crystal is encapsulated and hermetically sealed within an aluminium
canister which has a thickness of 0.80 ± 0.05 mm and a spacing from the Ge
crystal between 0.4 and 0.7 mm. The bare germanium crystal itself weighs
approximately 2 kg. Six connector feedthroughs located at the back of the
capsule access the 6 sectors and the 36 segmented outer contacts. A photograph
of the A006 AGATA capsule is shown in Fig. 4.2. The capsules are designed
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to fit together within liquid nitrogen cooled triple cryostats. It is these triple
cryostats that make up the AGATA detection unit, depicted in Fig. 1.2 [37].
Figure 4.2: A photograph of the encapsulated A-type crystal, A006, before
being mounted within the AGATA test cryostat. The aluminium canister is 0.8
mm thick. A PT-100 sensor is visible attached to the side of the detector which
monitors the crystal temperature within a test cryostat.
4.1.1 Segment Labelling
The segments of an AGATA detector are also labelled numerically (1-36). For
experimental purposes and algorithm construction, the alternative segmentation
labelling scheme used to translate to the AGATA segment labelling is given in
Table 4.1 where the number increases front to back from Ring 1 to 6 and from
sectors A-F logically.
Sector
A B C D E F
Ring
1 1 7 13 19 25 31
2 2 8 14 20 26 32
3 3 9 15 21 27 33
4 4 10 16 22 28 34
5 5 11 17 23 29 35
6 6 12 18 24 30 36
Table 4.1: Translation between the AGATA segment labels (A-F, 1-6) and the
numerical labelling scheme used for convenience when testing single capsules.
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The sector labels used in the details given by the manufacturer, Canberra,
di↵er from those defined by the AGATA collaboration. Due to the positioning of
the sector contacts, the construction of the test cryostat resulted in an additional
labelling scheme. In this work, all results are given in the AGATA co-ordinates.
AGATA
Canberra
IKPCE
B
A
FE
A
F
D D
BC
F
ED
C
B A
Figure 4.3: A translation between the AGATA, Canberra and IKP labelling
system. In this work the results are all translated to the AGATA co-ordinates.
4.1.2 Impurity Concentration
Properties reported by Canberra for crystal capsules A004 and A006, are given
in Table 4.2.
A004 A006
Impurity Concentration at Front 1.16 x 1010 cm 3 1.80 x 1010 cm 3
Impurity Concentration at Back 0.49 x 1010 cm 3 0.52 x 1010 cm 3
Bias Voltage + 5000 V + 5000 V
E ciency 82.2 % 79.0 %
FWHM at 1.33 MeV (60Co) 2.25 keV 2.06 keV
Table 4.2: The properties and performance of the AGATA capsules as indicated
by the capsule manufacturer Canberra [38, 39]. These properties are derived
from the agreed AGATA specifications.
An important parameter for crystal performance is the impurity concentra-
tion. The impurity is not homogenous throughout the crystal volume due to the
zone refining process, discussed in Section 3.1.2. The specified impurity concen-
tration of the crystal is within 0.4 and 1.8 x 1010cm 3. The highest impurity is
located at the front of the crystal. Although this configuration has been agreed
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upon with Canberra, some of the other AGATA capsules characterised at the
University of Liverpool have possessed the opposite impurity gradient.
The reported impurity gradient for each capsule as a function of depth, as
well as the AGATA specified impurity concentration limits are plotted in Fig.
4.4. The greatest impurity concentration is placed at the front of the crystal due
to the dependance of the depletion thickness on impurity. The values plotted
within Fig. 4.4 have been reported in the capsule manuals [38, 39]. The values
for the intermediate depths do not indicate the true impurity concentration
gradient, which is non-linear, as reported in [40]. The intermediate depths are
likely reported by the manufacturer to give a linear depth-impurity relationship.
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Figure 4.4: Impurity concentration as a function of depth for the A004 and
A006 capsules as reported in the capsule manuals [38, 39]. These capsules are
within the AGATA specifications.
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4.2 Acceptance Testing
Each detector supplied by Canberra to the AGATA collaboration comes with a
set of performance measurements made on the encapsulated crystals. The spec-
ification sheet from the capsule manual is in Appendix C. Energy resolution and
e ciency measurements were required as part of a detector capsule acceptance
tests required by the AGATA collaboration. It is the task of the acceptance
testing groups, located in Liverpool, Ko¨ln and Saclay to verify that each capsule
is working within the guaranteed specifications. Both energy resolution and ef-
ficiency were measured with analogue electronics used in the characterisation
of the detectors. The crosstalk performance of each capsule has been measured
for these detectors within the test cryostat and reported to the collaboration.
Each capsule was mounted within a AGATA test cryostat, specially designed
to test individual crystals with the AGATA preamplifiers and used to keep the
detectors at operating temperature (⇠77 K).
To perform these tests the di↵erential signal from the detector preamplifier
are converted into single-ended singles using CWC modules manufactured by
TU Munich and IKP Ko¨ln. The detectors were biased to +5000 V using an
ORTEC 659 bias supply in order to operate them. The converted single-ended
signals were input into a ORTEC 671 spectroscopy amplifier with a 6 µs shaping
time which was read into a PC based 16k Multi Channel Analyser and recorded
using the Maestro programme [41].
4.2.1 Segment Energy Resolution
Segment energy resolution, ERes, measurements were made by placing
241Am
and 60Co sources directly next to the detecting segment. The ERes FWHM
measurement of analogue  -ray spectra are made to verify the manufacturer
specifications for the segment ERes. The required FWHM values are to be
within 1.3 keV for a 60 keV photopeak and 2.3 keV for a 1332 keV photopeak.
The results of these measurements are given in Fig. 4.5 and Fig. 4.6. All of the
segments for both detector measurements are within the guaranteed specifica-
tions. At the lower energy, 60 keV, the ERes FWHM is e↵ected mostly by signal
noise on each segment. At higher energy, 1332 keV, the ERes is dominated more
so by statistical noise and less uniform.
The ERes at both 60 keV and 1332 keV is determined by the detector ring
in which the segment occurs. For the segmentation layout refer to Table 4.1.
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Figure 4.5: Performance of AGATA capsules A004 and A006 at 60 keV. The
guaranteed energy resolution value for 60 keV  -ray is up to 1.3 keV FWHM.
The average energy resolution at 60 keV for A004 is 1.17 keV and for A006 is
1.15 keV. These values are within the guaranteed specifications for the average
segment energy resolution. The trend in resolution within each detector sector
is discussed within the text below.
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Figure 4.6: Performance of AGATA capsules A004 and A006 at 1332 keV. The
guaranteed energy resolution value for 1332 keV  -rays is up to 2.3 keV FWHM.
The average energy resolution at 1332 keV for A004 is 2.10 keV and for A006
is 2.08 keV. These values are within the guaranteed specifications. The trend
in resolution within each detector sector is discussed within the text below.
37
Chapter 4: AGATA Asymmetric Capsule Performance
The observed trend is that the worst (higher) energy resolution is given in Ring
1 (A1 to F1). The resolution improves significantly within the Ring 2 segments
(A2 - F2) for all sectors but then increasingly degrades from Rings 3-5 toward
the back of the crystal. The resolution improves within of Ring 6 (A6 - F6).
Through each detector sector (A-F), the capacitance between the core and
segments varies within the AGATA detectors as discussed in further detail in
[40]. This ring capacitance determines the segment signal noise level, which
is lower in Ring 2. The apparent physical size of the Ring 1 segmentation is
smaller than Ring 2 due to the di↵erence in ring depth (8 mm vs. 13 mm)
and the taper of the detector. However, the e↵ective segmentation of Ring 1 is
larger than the other rings due to the electric field lines which travel from the
front face to the central contact.
The Ring 1 segments have a reduced energy resolution compared to the
Ring 2 segments due to the larger Ring 1 capacitance. On average the energy
resolution is improved by 0.2 keV from Ring 1 to Ring 2. The second trend
observed is the worsened energy resolution value from Ring 2-5. This is also
explained by the larger segment size in Rings 3-5 due to the change in segment
capacitance. The segment size within Ring 6 is reduced due to the passivation
layer introduced at the back of the HPGe crystal [2]. Thus, the Ring 6 energy
resolution is better than the Ring 5 segments in the 60 keV measurements.
4.2.2 Core Energy Resolution and E ciency
The ERes and e ciency of the core were measured using
57Co and 60Co sources
placed at 25 cm from the front face of the detector with a count rate of ap-
proximately 1000 Hz in the core. The values for the core energy resolution
measurements as compared to the manufacturer specified values are given in
Table 4.3.
Spectral quality measurements which include the Peak-to-Total ratio, the
FWTM/FWHM value and the ERes were made on the capsule core signals. The
relative and absolute e ciencies were also measured. The ERes measurements of
the core were within the guaranteed value; the Peak-to-Total ratio as well as the
FWTM/FWHM values were within the value guaranteed by the manufacturer
for both detectors.
The relative e ciency, ✏FEP values were lower than those reported by Can-
berra. However, they were within the estimated ±8 % systematic and statistical
error due to the uncertainty of capsule position within the cryostat. It was found
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that the relative e ciency changes by a few percent with 1 cm di↵erences in
the source position. There is an uncertainty in the cryostat end cap position
versus capsule position which would also contribute to the di↵erence in mea-
sured value. The absolute e ciency of the core as a function of energy was also
measured and the results of this study are presented in Fig. 4.7.
A004 A006
✏FEP
Canberra (%) 82.8 88.7
Liverpool (%) 77.1 ± 8 78.2 ± 8
Peak-to-Total
Canberra 72.8 78.1
Liverpool 50.1 ± 4.0 61.7 ± 4.9
ERES (122 keV)
Canberra guaranteed  1.35 keV
Canberra meas. (keV) 1.10 1.02
Liverpool (keV) 1.17 ± 0.09 1.17 ± 0.09
ERES (1332 keV)
Canberra guaranteed  2.35 keV
Canberra meas. (keV) 2.25 2.06
Liverpool (keV) 2.19 ± 0.18 2.09 ± 0.17
FWTM/FWHM (60Co)
Canberra guaranteed  2.00
Canberra meas. 1.99 1.88
Liverpool 1.91 ± 0.15 2.00 ± 0.16
Table 4.3: The capsule performance measurements for capsules A004 and A006.
Values for the core Peak-to-Total, FWTM/FWHM and energy resolution at low
and high energy values are within specification. The values for relative e ciency
are reported, which are typical for these types of HPGe detector capsules.
The general higher e ciency observed for detector A006 can be explained by
the uncertainty in the source to capsule distance. A source to capsule di↵erence
of a few millimetres can e↵ect the absolute e ciency, as discussed above. The
expected reduction in e ciency at very low energies is not observed in these
measurements.
4.3 Photon Scanning
After the capsule performance is verified and accepted, collimated photon scans
were made of the detectors in order to measure the average detector response
as a function of position through capsule. This included a Front Face Scan, in
which a highly collimated beam of single energy  -radiation is moved across the
front face of the detector in millimetre steps. Additional Reduced Bias Scans
were made at reduced bias voltages in order to observe the detector bias voltage
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Figure 4.7: Absolute photopeak e ciency measurements versus  -ray energy.
These measurements were made using 241Am and 152Eu sources placed at 25
cm to the front face of the detector. Uncertainties are representative of the
3% statistical variance. Additional systematic error is also present due to the
uncertainty of source position, estimated as ± 8% of the values.
depletion. Finally, each detector was scanned on its side for Side Scans at full
and reduced bias voltages in order to observe depletion laterally along the crys-
tal. Collectively these measurements form a basis to compare and understand
each capsules’ performance. Further details on scanning are described in [42].
The Liverpool scanning system has been used to characterise a number of di↵er-
ent HPGe detectors for many applications including medical imaging, security
as well as several other AGATA detectors, including symmetric detectors S001,
S002, S003 and asymmetric AGATA detector C001 [43,44].
4.3.1 Liverpool Scanning System
The AGATA test cryostat containing the capsule was mounted vertically with
a storage dewar attached for LN2, shown in Fig. 4.8. Both crystals A004 and
A006 were scanned in 1 mm grid steps for 30 s and 60 s per step, respectively.
The shorter scan time for A004 was chosen in order to perform these measure-
ments more rapidly, as the detector was required for use within the AGATA
demonstrator by the collaboration. The scans were made on a precision Parker
scanning table [45] which provided the xy grid movement of the photon beam
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with an accuracy of 100 µm and a 300 mm range in both directions. A 137Cs
 -ray source of activity ⇠ 1 GBq is collimated in two stages, which is depicted
in Fig. 4.9.
Two tungsten collimators are used for the photon beam collimation: one
100 mm long x 5 mm diameter collimator followed by a second stage 80 mm x
1 mm diameter collimator. After the collimation, there is a divergence in the
 -ray beam resulting in a beam spot size of 1.1 mm diameter at the front face
of the crystal and 1.6 mm at the back. This divergence and its a↵ect on the
position resolution is described within [46].
To discuss the details of this scan, several parameters must be defined re-
lated to data acquisition. An event is an interaction within the AGATA detector
capsule. Fold refers to the number of segments in which a  -photon interacts.
A single photon may interact twice within a single segment and will still be
considered a Fold-1 event. If a single photon interacts in two segments, it cre-
ates a Fold-2 event. The Baseline Di↵erence (BD) energy is calculated from the
di↵erence in the maximum digitised traces and the baseline value. The Mov-
ing Window Deconvolution (MWD) energy is calculated by a moving window
deconvolution algorithm [47].
The detectors were also scanned with a 5 GBq 241Am source mounted in
a lead block with a tungsten collimator. The lead block was placed at the
same position as the 137Cs collimator hole to be moved with precision using the
scanning table.
4.3.2 Data Acquisition Electronics
Data was acquired for the 37 detector signals (36 segment and one core) using
four 10 channel GRETINA digitisers [48] which were the only updated compo-
nents to the scanning system described in reference [42]. Each digitiser card
has 100 MHz flash ADCs (10 ns sample size). Data is acquired at a 128 sample
trace length of 1.3 µs. The details of the card components are discussed in [49].
The GRETINA digitiser cards provide an accurate calculation of the energy
deposited in the detector by applying a trapezoidal filter or moving window
deconvolution. The MWD calculation accurately measures the integrated charge
proportional to the energy deposited in the detector. The trace as well as
MWD filtered energy were recorded for every event. The core signal is used
to create an external trigger using a timing filter amplifier (TFA), constant
fraction discriminator (CFD) set in leading edge (LE) mode and Gate and
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Figure 4.8: The AGATA test cryostat mounted above the Parker scanning table.
The large storage dewar is connected to the cryostat to provide liquid nitrogen
necessary in order to keep the detector within operating temperature of 77 K.
1 mm tungsten collimator
5 mm tungsten collimator
⇠ 1 GBq 137Cs source
lead collars
detector and capsule
Figure 4.9: An illustration of the detector and collimator configuration for the
front face singles scan. The two stage collimation is indicated.
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Delay generator. A schematic diagram of data acquisition electronics is shown
in Fig. 4.10.
CWC Box
Core Spectroscopy
TFA
AGATA
Preamp Di↵erential Signal
Single Ended Signal
Timing/Trigger Signal
CAEN ADC
SACAnalogue Energy
Cards
CFD G&D
VME CRATE
Digitiser
Gretina
Capsule
Segment
CWC Box Amplifier
Figure 4.10: A schematic diagram of the electronics used to acquire singles
data.
The LE threshold was set to reduce counts due to Compton scattering and
noise for the 137Cs scan and the 241Am scan. This trigger signal is input to a
Silena ADC controller (SAC) if the required photon energy was registered in
singles mode. A common clock is shared among the 4 digitisers in order to
maintain the time alignment. The accepted count rate was approximately 900
counts per second. An ORTEC 671 spectroscopy amplifier was used to shape
the core signal with a 6 µs shaping time [50]. The height of the core signal
was then measured and digitised with a CAEN V785 ADC. The scanning table
position was also recorded. The SAC, CAEN ADC and GRETINA digitisers
were all incorporated into a VME-X crate [51]. Data is acquired online using
the MIDAS software package [52]. The data is output in Eurogam format.
The energy spectra calibration was performed with the MTSort package [53]
using 152Eu and 241Am sources for each segment, which yield  -rays between 59.5
keV and 1408 keV. GNUplot was used to determine the calibration parameters
with a least-squares calculation. The BD energy is calculated from the recorded
signal trace by taking the di↵erence of the first and last 30 samples. Energy
gates are set on the MWD core spectra and fold gates are set with the BD
traces within the MTSort programme.
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4.3.3 Summary of Singles Data
The data sets acquired for detectors A004 and A006 are listed in Table 4.4.
A004 A006
137Cs Front Scan 137Cs Front Scan 137Cs Side Scan
Bias (V) Grid Step Bias (V) Grid Step Bias (V) Grid Step
5000 1 mm 30 s 5000 1 mm 60 s 5000 1 mm 30 s
2000 2 mm 30 s 4000 2 mm 40 s 1500 2 mm 40 s
1500 2 mm 30 s 3000 2 mm 40 s 1000 2 mm 40 s
1000 2 mm 30 s 2000 2 mm 40 s 500 2 mm 40 s
750 2 mm 30 s 1500 2 mm 40 s 250 2 mm 40 s
500 2 mm 30 s 1000 2 mm 40 s 100 2 mm 40 s
250 2 mm 30 s 750 2 mm 40 s
100 2 mm 30 s 500 2 mm 40 s
50 2 mm 30 s 250 2 mm 40 s
100 2 mm 40 s
50 2 mm 40 s
241Am Front Scan
Bias (V) Grid Step Bias (V) Grid Step
5000 1 mm 10 s 5000 1 mm 5 s
Table 4.4: The complete set of singles scan data acquired for both detector
A004 and A006. The thorough scanning of these detectors allows for a study of
depletion, crystal axis, charge collection and performance.
Both detectors were scanned on a grid of 80 mm2, in 1 mm steps for the full
bias front face measurement. Detector A004 was scanned with the 137Cs beam
in February 2010 and Detector A006 was scanned across the front face at full
and reduced bias in April 2010 and scanned along the side of the detector at
full and reduced bias in September 2010. Additional spectra not shown in the
following sections are included in Appendix A. The side scan of A004 is not
included due to a segment becoming disconnected in the side scan.
4.4 Front Face Singles Scan Results
This section details the results of a number of spectra generated from the 137Cs
and 241Am front face scans of the detectors. Physical details, charge collection
properties and the performance of detectors A004 and A006 will be discussed.
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The sector positions of the detector results shown in the following sections are
given in the AGATA coordinate scheme, shown in Fig. 4.11.
A
FE
D
C B
y
x
Figure 4.11: The detector position in the AGATA sector labelling system,
viewed from the back of the detector. Shown to indicate the sector layout
in the following results.
4.4.1 The 137Cs Position Intensity
The primary interaction mechanism of a 137Cs 662 keV  -ray is Compton scat-
tering which leads to position uncertainties. Therefore the front face singles
measurements show the average detector response through depth. These mea-
surements enable the investigation of detector response through the bulk of the
crystal through the study of the charge collection. The detector is operated at
the manufacturer specified bias voltage for the first front face scan. The lower
bias voltage scans produced for detector A004 and A006 will be discussed in
Section 4.7. Two dimensional matrices generated as a function of xy scanning
table position are created from the MWD traces. For every event registered
in the GRETINA digitisers per position, the matrices are incremented. The
position intensity for detectors A004 and A006 are shown in Fig. 4.12.
The spectra produced for detectors A004 and A006 show a uniform perfor-
mance. From this figure the rotation from scanning table coordinates to the
AGATA coordinates is visible in the light rotated square background of each
spectra. The position intensity of the A006 spectrum is approximately double
the intensity of the A004 spectrum due to the di↵erence in scanning time: 30
s for A004 and 60 s for detector A006. The intensity of detector A006 is also
limited by the trigger rate on the GRETINA digitisers.
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Figure 4.12: The counts as a function of position (intensity) for detector A004
and A006. These spectra are given from the traces output from the GRETINA
digitisers. The intensity for detector A006 is greater than A004 due to the
longer scanning time.
The highest intensity occurs in the central region of the spectra where the
hexagonal front face of the detectors is observed and directly illuminated by the
photon beam in this region. The outer region of the crystal has a lower region
of intensity due to the less HPGe material in this region of the crystal. The
central bore hole is visible in both spectra.
4.4.2 Fold-1 Gated Position Intensity
In order to examine the detector performance in detail several gates can be made
on the position intensity spectra. A Fold-1 event requires that a single segment
registers an event. By gating on single segment Fold-1 events when the 662 keV
photon deposits its entire energy in one segment allows the detailed responses
of the detectors to be observed and compared. The energy is determined by the
MWD algorithm, whereas the fold is determined from the unfiltered trace.
There is a linear relationship between the BD energy and MWD energy. The
position intensity response of the full detector gated on Fold-1 events is shown
in Fig. 4.13.
Through gating on the Fold-1 events a large reduction in counts is observed
from the ungated spectra resulting in roughly half the intensity. This indicates
that Fold-1 events will be half of the maximum events for all folds. The A004 and
A006 Fold-1 spectra show the good agreement in the response of the detectors.
The fold gate also clearly indicates the segmentation boundaries within the two
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Figure 4.13: A004 and A006 front face intensity matrices as a function of xy
scan position gated on Fold-1 events.
detectors. At segmentation boundaries and toward the centre of the capsule a
reduction in Fold-1 events is observed. This indicates that in these regions the
photons will Compton scatter between segments more readily.
4.4.3 Fold-1 662 keV Energy Gated Position Intensity
The position intensity spectra gated on Fold-1, 662 keV events are shown in
Fig. 4.14. There is a further reduction of counts in this figure by gating on
the photopeak energy as the maximum intensity reduces from 6000 counts to
1500 counts in the position spectra of detector A004 and 10000 counts to 3000
counts in the spectra of detector A006.
Figure 4.14: A004 and A006 front face intensity matrices as a function of xy
scan position. The spectra are gated on segment Fold-1 events and the photon
energy of 662 ± 2 keV photon energy.
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The segmentation lines observed in the Fold-1 position intensity spectra are
also observed in Fig. 4.14. The bore hole of the detector is observed in the
spectra as a reduction in intensity. This reduction is due to the fact that the
662 keV  -ray energy will not be fully deposited within the front ring segments.
The asymmetry of the detector front face is also clearly observed. The position
intensity spectra can also be gated on the detector rings in order to observe how
the performance varies within each ring. Ring matrices indicating the intensity
of counts as gated on the 662 ± 2 keV photon energy are shown in Fig. 4.15.
Detector A004 at half the time per position, resulting in half of the maximum
intensity for A004. The hexagonal profile of the front of the detector and the
asymmetry of the front face shape is observed. The segmentation boundaries
of the detectors is also observed. From Ring 3-6 the segmentation boundaries
are not aligned across the centre of the crystal. This is due to the dominant
anisotropy of drift velocity with respect to the crystal axis and will be further
investigated in Section 4.6.
Within the ring spectra, the bore hole of the detector is easily observed in
the back 2-6 rings. The segmentation crossing point is observed in Ring 1. The
higher intensity of counts in the front ring indicates tendency of the photons to
be absorbed or attenuated within a few mm’s of HPGe material, concentrated
at the front of the detector. This photon attenuation is described in Equation
2.1 as the intensity drops o↵ exponentially with material thickness. The rings
of high intensity around the back 4 rings are a result of the tapering of the
crystal. From the intensity matrices of A004 and A006 it is observed that the
detectors behave similarly and that the segmentation and bore holes radii are
uniform. This comparison ensures the uniform capsule performance.
4.4.4 Compton Edge Gated Position Intensity
Single energy events can be utilised by gating on the MWD spectra Compton
edge. The position intensity plot generated from gating on the Compton energy
are shown in Fig. 4.16.
Rings 1-3 are shown for both detectors in order to indicate the areas of
low energy charge collection within the detector. Single interactions show the
uniform detector response through Ring 1. Due to photon attenuation, rings 2-3
only show intensity in the outer regions which are fully exposed to the photon
beam. These intensity spectra di↵er from those generated from the photopeak
gated spectra in several ways. The intensity on Ring 1 shows a more uniform
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Figure 4.15: The ring gated A004 (top) and A006 (bottom) front face intensity
matrices as a function of xy scan position. The spectra are gated on segment
Fold-1 events and photon energy at 662± 2 keV photon energy and ring number.
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Figure 4.16: A004 Rings 1-3 (top), A006 Rings 1-3 (bottom). Intensity per
position by ring. Gates are applied to Fold-1 events and the Compton edge
energy. The central regions are less likely to be e↵ected by low energy counts.
The maximum intensity of A004 is half of the maximum intensity of A006 due
to di↵erent scan times.
distribution of hits, rather than a clear distinction between segments occurring
at the boundaries. This uniformity is due to the complete detection of the single
interacting Compton scattering events. There is also a loss of intensity in the
central region of the detector from the 2-3 ring due to the lower energy  -ray.
This is due to photon attenuation (Equation 2.1).
4.4.5 Transient Charge Asymmetry
During the process of charge collection, transient charges are induced on the
neighbouring segments. These transient signals do not contribute to the net
charge collected, but are utilised within pulse shape analysis. The magnitude of
the image charges can be used to determine the azimuthal interaction position.
An example of the transient signals produced by a real charge interaction in
Segment C4 is given in Fig. 4.17.
In order to quantify the di↵erence in image charge magnitude, the image
charge asymmetry parameter, ICA, is defined as the absolute di↵erence in the
magnitude of the area of two adjacent transient signals. The image charge
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Figure 4.17: An example of the real and transient signals produced in a single
interaction event in Segment C4.
asymmetry calculation is given in Equation 4.1,
ICA =
(AA   AB)1000
AA + AB
+ 1000 (4.1)
where AA and AB are the magnitudes of the two adjacent transient charges.
Factors of 1000 are included to plot the ICA values. The magnitude of the
induced transient signal is dependant upon the interaction location. An inter-
action occurring close to a segment boundary will result in a higher asymmetry.
The average ICA as a function of xy position is given in Fig. 4.18.
Extreme high and low values of ICA indicate a strong asymmetry. The
minimum asymmetry response is located at the centre of each segment. The
ICA parameter indicates the change in the transient signal magnitudes as a
function of xy interaction position. In order to calculate how the ICA changes
with azimuthal angle a quantitative measurement of the ICA was made by
tracing a 20 mm radius around the ICA spectra from the centre of Segment A1.
The measurement of the ICA as a function of azimuthal angle is shown in Fig.
4.19.
The ICA parameter calculation has a large gradient through each sectors of
the detector, showing the high sensitivity of the transient signal in azimuthal
angle. This sensitivity of the transient signal magnitudes is vital to pulse shape
analysis
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Figure 4.18: A004 rings 1-3 (top), A006 rings 1-3 (bottom). The image charge
asymmetry clockwise and counterclockwise for rings 1-3. The colour scale is in
arbitrary units. It can be noted that the transient signal sensitivity is the same
for both detectors due to the identical segmentation.
The Ring 1 calculation shows a linear relationship between ICA and az-
imuthal angle, indicating that the response is linear in the area where the field
is planar in configuration. The Rings 2 and 3 ICA indicates that in the coaxial
region of the detector the response is slightly non-linear throughout the seg-
ments in that region of the detector. The ICA of both detectors A004 and
A006 show a good agreement with respect to the transient charge sensitivity.
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Figure 4.19: The image charge asymmetry as a function of azimuthal angle at
radius = 20 mm. Each line represents the response through individual segments.
4.5 Signal Shape Risetime
The risetime refers to a measurement of the time it takes for the preamplifier
signal to rise to a proportion of the maximum amplitude. It is useful to quantify
the charge collection process for pulse shape analysis in this way to investigate
details of the electron and hole collection process.
The T30 is the time required for the signal to rise from 10 % to 30 % of its
maximum, the T90 is from 10 % to 90 % of its maximum:
T30 = t(30%pulse)  t(10%pulse) (4.2)
T90 = t(90%pulse)  t(10%pulse) (4.3)
The detector can be investigated based on the variation in signal shape across
the bulk depletion region by using the risetime parameters. These risetime
parameters are an essential ingredient for pulse shape analysis. The values
given for the singles scan average over the depth of each segment per position.
The core and segment risetime maps quantify the charge collection of the
detector using the same segment Fold-1 and 662 ± 2 keV energy gates used
on the intensity matrices. The risetime values calculated are an average from
all the events occurring at each xy position. A lower threshold of 20 counts
per position was set in MTSort such that statistically insignificant counts were
eliminated in the risetime calculation.
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4.5.1 Core Risetime
The core T30 and T90 maps for Rings 1-3 are shown in Fig. 4.20. The core T30
maps show the dependance of electron and hole drift time with radial interac-
tion position. The charge collection time increases as a function of interaction
position with increasing distance from the core electrode, due to the increasing
drift distance of the electron-hole pairs to the core.
The longest T30 risetime occurs at the detector corners which are furthest
from the core electrode. There is a four fold symmetry in the T30 core maps
which indicates the crystallographic axis. The T30 risetime dependance on the
crystal axis is due to the anisotropic drift velocity discussed in detail in Section
3.3.1. A measurement of the crystallographic axis direction for the core T30
maps is performed in Section 4.6.
The core T90 maps illustrate the combination of electron and hole trans-
port. Minimum charge collection time occurs at equal distance to the core and
segment electrodes. Longer charge collection times occurs near the core and
corners of the crystal The A004 T90 values are slightly longer than the A006
T90 across each ring. This indicates that the charge collection is slower towards
the end of the collection. The radial variation in the T90 measurement indicates
the e↵ect of the weighting field on the charge collection. The initial charge near
the segment electrode is collected quickly (T30), but the total charge collection
(T90) is then slowed as the holes are collected at the longer distance at the seg-
ment electrodes. The four fold symmetry of the crystallographic axis observed
in the T30 maps is also present in the T90 maps.
In order to compare the core risetime for every ring of each detector profiles
are made from a cut through the centre of each ring, given in Fig. 4.21 for
both the T30 and T90 risetime. The risetime is quantified for the T30 (lower
risetime values) and T90 (greater risetime values) for both detectors.
These profiles are generated by making a cut along the central region of
matrices with constant Y. The profiles show that the core risetime response
of the detectors nearly identical. The radial dependance of the T30 risetime
is clearly observed. The T90 charge collection time for A004 is slightly longer
than for A006 indicating that there is a slight di↵erence in the average charge
collection time. The profiles for Rings 2-5 indicate the bore hole width of
detector A004 and A006.
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Figure 4.20: The average core T30 (top) and T90(bottom) for detectors A004
and A006 rings 1-3. From the T30 image the 4 fold symmetry of the charge
risetime is obvious between the core and edge of the rings. Within the T90
risetime spectra, the central minimum is observed such that the electrons and
holes have similar distances to travel during the later part of charge collection.
Rings 1-3 are shown here in order to more clearly compare the detector. The
full plot of these value over every ring is given in Appendix A.
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Figure 4.21: The profiles of the core risetime T30 and T90 risetimes of detectors
A004 and A006. These profiles are generated by making a cut along the central
region of risetime matrices. See figures in Appendix A. From the profiles it can
be observed that the detectors behave in a very similar way. The A004 T90
risetime is, however, slightly longer than A006.
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4.5.2 Segment Risetime
The hole collection process can be studied by examining segment electrode T30
and T90 risetimes produced by the preamplifier signals. The segment risetime
maps for rings 1-3 are shown in Fig. 4.22. The dominant feature of the segment
risetime maps is the 6 fold segmentation of the rings. There is also a very clear
distinction between the risetime of Ring 1 and the other rings.
In the T30 maps for both A004 and A006, the Ring 1 maps show fast initial
charge collection. The Ring 1 segment T90 maps indicate the segmentation as
skewed borders. Also clear in the segment T90 maps is the four fold crystallo-
graphic axis. The behaviour of the Ring 1 maps is the result of the di↵erence
in electrode configuration and therefore charge collection in Ring 1 segments
which starts o↵ very steep in ring one due to the small distance to the segment
electrodes. The T90 Ring 1 maps indicate that the crystallographic axis has
noticeable e↵ect on the hole charge collection within Ring 1.
The T30 rings 2 and 3 show a radial dependance of the T30 as it decreases
from the central region toward the segment electrodes. The segment T90 rise-
time maps shows the combination of electron and hole transport similarly to the
core T90 maps. The shortest hole charge collection is observed in the central
region of the segments, with longer T90 risetime values in the centre of the rings
and towards the outer detector corners.
These segment risetime maps generated for both A004 and A006 show a
good agreement. In order to compare the segment risetime directly, profiles of
the risetime maps are made from a cut through the centre of each ring and
given in Fig. 4.23 for both the T30 and T90 risetime.
Ring 1 shows the uniform T30 risetime across the detectors. From the
segment T30 risetime indicated in Fig.4.23, the inverse radial dependance on
the risetime is shown than that calculated for the core T30 risetime as shown
in Fig. 4.21. The T30 decreases with radius. The A004 T90 core risetime was
slightly longer than that of A006, whereas the segment T90 is shorter. This
indicates a di↵erence in the segment response of each detector, but has not
been investigated in more detail.
Both Fig. 4.20 and Fig. 4.22 show that for Rings 1-3 there is good agreement
between detector A004 and A006 of the T30 and T90 risetime calculation. The
additional T30 and T90 risetime maps for the core and segment contacts for all
rings are included in Appendix A.
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Figure 4.22: The average segment T30 (top) and T90 (bottom) for detectors
A004 and A006 rings 1-3. Rings 1-3 are shown here in order to more clearly
compare the detectors. The full plot of these values over every ring is given in
Appendix A.
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Figure 4.23: The profiles of the segment T30 and T90 risetimes of detectors
A004 and A006. These profiles are generated by making a cut along the central
region of risetime matrices. See figures in Appendix A. From the profiles it can
be observed that the detectors behave in a very similar way. The T90 charge
collection time for A004 is slightly longer than for A006 indicating that there
is a slight di↵erence in the average segment charge collection time.
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4.6 Crystallographic Axis Calculation
The crystallographic axis direction can be calculated from the 137Cs T30 risetime
matrices. The four fold symmetry on the T30 maps due to the crystal lattice is
shown in Fig. 4.20. Electrons and holes travel fastest along the h100i direction
as discussed in Section 3.3.1. The charge collection velocity anisotropy with
respect to axis direction becomes apparent when examining the 137Cs T30 rings.
The crystal axis can be measured by tracing a circle around each of the detector
rings, shown in Fig. 4.24.
Figure 4.24: The front ring T30 plots for both the 137Cs scans for detectors
A004 and A006.
The risetime maps generated from the 137Cs scan are the result of Fold-
1 events in each segment. For a 662 keV  -ray, the photon energy will most
commonly be from multiple interactions due to Compton scattering. The crystal
axis calculation will therefore not indicate the precise response of the detector
in the 137Cs measurement.
4.6.1 The 241Am Front Face Scan
The A006 241Am scan is also used to determine the crystal axis. The photopeak
gated Fold-1 position intensity are generated from the MWD spectra for this
scan as well. Only the Ring 1 spectra show significant events from the 241Am
scan due to absorption of the lower energy  -ray (60 keV). The position intensity
generated from the 241Am scan is shown in Fig. 4.25.
The position spectra generated from the A006 241Am scan are gated on
the 60 keV photon energy. An additional feature observed are the regular
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Figure 4.25: The position intensity of the 241Am scan of capsule A006. This
spectrum is gated on Fold-1, 60 ± 2 keV events.
rectangular features in each segment within the ring one position intensity.
This is observed due to the absorption of the 60 keV  -rays within the A006
capsule. It has been determined that this feature indicated a spacer between
the crystal front face and encapsulation material.
T30 and T90 risetime maps can be produced for the 241Am scan from the
baseline di↵erence calculation in the same way as well, shown in Fig. 4.26.
Figure 4.26: The T30 (left) and T90 (right) risetime maps generated from the
241Am scan.
The 241Am scan is useful due to the complete deposition of energy for the
low energy  -rays in ring 1. At 60 keV photoelectric absorption is the domi-
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nant interaction process of photons within germanium as described in Fig. 2.1.
Compton scattering, which leads to uncertainty in the 137Cs measurement does
not a↵ect the 241Am results. The spectra generated from this scan are the result
of single site interactions, resulting in the uniform position intensity detector
response. Both the T30 and T90 risetime are useful for the crystallographic
axis calculation. The 241Am T30 and T90 risetime maps for A006 Ring 1 show
the same pattern of risetime as observed in the 137Cs A006 Ring 1 map.
4.6.2 Crystal Axis Orientation Results
The crystal axis is measured quantitatively by plotting the T30 risetime as a
function of azimuthal angle for 360 degrees as shown in Fig. 4.27. The crystal
axis for crystals A004 and A006 show good agreement for the direction of the
h100i axis. The A006 measurements on both the 137Cs and 241Am spectra show
agreement with the curve maxima and minima. The T90 measurement shows
a smooth curve indicating the strong e↵ect of the crystal axis on the charge
collection of the 60 keV  -ray. The lower  -ray energy in the 241Am scan results
that the spectra from this scan are more susceptible to noise e↵ects indicated
in the T30 risetime distribution.
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Figure 4.27: The crystallographic axis calculation for the A004 and A006 137Cs
and the A006 241Am risetime measurements. The fast h100i axis is indicated
along the minimum. The slow h110i axis lies along the maximum.
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The agreement with the manufacturer, Canberra, is that the fast h100i axis
direction lies along the corner of sector A (the centre of the triplet) with an
accuracy of ± 3 degrees [35]. The sector A corner is at the centre right of the
T30 risetime profiles (see Fig. 4.11 for sector orientation). The results shown in
Fig. 4.27 indicate o↵sets of 25 and 27 degrees from corner A for capsule A004
and A006, respectively.
The fastest risetime occurs at the 25 and 27 degree angles, which is in the
h100i axis direction. The slowest risetime occurs in the h111i axis direction
which is o↵set from the h100i by 30 degrees. Although detector crystals A004
and A006 are closely matched, they do not agree with the specification.
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4.7 Reduced Bias Voltage Scans
Photon scans were made at voltages less than the operating voltage (+ 5000
V) in order to study the detector performance at these reduced voltages using
the 137Cs source. These scans were performed for a shorter time per position,
30 s, and on a 2 mm xy grid in order to acquire data more rapidly, reducing
the collection time from ⇠4 days for full bias to ⇠20 hours acquisition time.
The scans are useful for determining the rate at which the depletion surface
(the detection region) grows as applied bias voltage is increased. Also studied
in detail is the change in energy resolution and shift in peak position (gain) at
reduced bias voltages. The energy resolution and peak shift are indicators of
detector performance.
Detector A004 was scanned with 8 reduced bias voltage values. Detector
A006 was scanned with 10 reduced bias voltage values. As the bias voltage de-
creased the preamplifier signal amplitude decreased such that the CFD thresh-
old was lowered for each bias. To produce the reduced bias intensity matrices
the core MWD energy gate had to be adjusted for each bias voltage. The e↵ects
of the bias voltage on the photo peak centroid position are discussed in Section
4.7.2.
In order to present uniform data for the depiction of the depletion surface
growth a coaxial part of the detector, Ring 4, is plotted in Fig. 4.28 and Fig.
4.29 for all voltages. The active area of the detector at each voltage is indicated
by an intensity of counts greater than ⇠200 counts per position. At very low
voltages (50 - 250 V) the outer ring of the detector is slightly depleted. This
depletion at the pn-junction is discussed within Section 3.2.2. As the voltage is
increased the sensitive region also grows, dependant upon Equation 3.5 where
the depletion depth is proportional to the voltage, as described in Equation 3.8.
The detector is most sensitive to changes in voltage at lower biases (from 0 to
+ 2000 V). At + 3000 V the detector is nearly completely depleted through
its volume. The intensity, however, is lower due to the lack of electric field
uniformity throughout the volume at the lower voltages.
A measurement of the proportion of the detector depleted at each voltage
for each ring is made in the next section, Section 4.7.1. The performance of the
detector at the voltage between + 50 and + 5000 V is studied in Section 4.7.2.
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Figure 4.28: Intensity matrices for the A004 detector at full bias and reduced
bias voltages gated on segment Fold-1 events and 137Cs 662 keV photo peak
energy. The key feature of these images is the growth of the depletion region
from the outer contact to the core at this depth.
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Figure 4.29: Intensity matrices for the A006 detector at full bias and reduced
bias voltages gated on segment Fold-1 events and 137Cs 662 keV photo peak
energy. The key feature of these images is the growth of the depletion region
from the outer contact to the core. Also apparent at a bias of 3000 V the
detector is nearly totally depleted at this depth.
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4.7.1 Depletion Depth by Voltage
The detector depletion as a function of bias voltage is studied for detectors
A004 and A006. The area of depletion is calculated from the position intensity
maps for Ring 4 shown in Fig. 4.28 and 4.29. Each position with an intensity
above a lower threshold (30 counts) is summed and divided by the full bias
depleted position to take a proportion of depletion measurement. This yields
the proportion of Ring 4 for each voltage which is depleted, plotted in Fig. 4.30.
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Figure 4.30: The proportion of depleted surface for reduced bias voltages in
Ring 4. Capsule A004 is fully depleted at 2000 V, whereas capsule A006 is fully
depleted at 3000 V.
From this plot it can be observed that capsule A004 depletes more readily
than detector A006. From this ratio calculation, A004 is fully depleted in Ring
4 at 2000 V. Capsule A006 is fully depleted at 3000 V. This is due to the lower
impurity concentration of A004, described in Section 4.1.2.
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4.7.2 Energy Resolution and Centroid at Reduced Bias
The energy resolution and peak shift measurements were made on the A004
and A006 MWD energy spectra data sets within Fig. 4.31 and Fig. 4.32. The
spectra were gain matched at the full bias voltage with 152Eu, 241Am and 56Co
sources. The 662 keV 60Co peak measurements were made using a Gaussian
fitting routine from MATLAB that produces the centroid position, peak area
and FWHM measurement for all segments. Due to the volume of spectra to be
fitted it was necessary to automate this process.
The photopeak centroid shift at reduced biases for both A004 and A006
are shown in the plots, Fig. 4.31. The centroid of the peaks shifts to lower
values with the reduced applied bias voltage values. The centroid shift is also
dependent on the segment location within the crystal. The A004 spectra show a
very large shift in Segment E4, attributed to a faulty segment connection. The
segments in ring 6 at the back of the detector (Table 4.1), show the greatest
shift. Conversely, the segments in ring 1 at the front of the detector shift the
least amount. The volume of the back ring segments is larger and therefore less
depleted as the bias voltage is reduced. With less depletion, less charge carriers
will be collected at the cathodes as the gain is reduced at lower bias voltages.
The energy resolution as a function of bias voltage is also plotted, Fig.
4.32. The digital energy resolution follows the trend of the analogue resolution,
discussed in detail in Section 4.2.1. The energy resolution degrades at lower
bias voltages. In general the FWHM degrades more at the back of the detector
as the voltage is lowered due to the larger detector diameter. Larger volumes
of these segments require higher voltages to deplete fully. The un-depleted
volumes yields poorer resolution in the back segments. From the measurements
of A006 at the voltages + 3000 V and + 4000 V the resolution does not degrade
greatly at the reduced bias voltages.
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Figure 4.31: A004 (top) and A006 (bottom) photopeak centroid shifts at re-
duced bias voltages. Both detectors are sensitive to the reduction of the bias.
The A004 spectra show a large shift in Segment E4, attributed to a faulty
segment connection.
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Figure 4.32: A004 (top) and A006 (bottom) energy resolution degradation at
reduced bias voltages. At very low bias voltages it is clear that the energy
resolution is highly e↵ected. At bias values of 3000 V and up, the resolution is
not strongly a↵ected.
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4.8 Side Scans
Upon the completion of front face scanning, each capsule was scanned on its
side along the length of the detector using the 137Cs source. The test cryostat
was removed from the large LN2 storage dewar and mounted on its side. The
detector was scanned on a 1 mm x 1 mm xz grid similar to the front face
scan. The detector was scanned for ⇠8000 positions due to the larger surface
area scanned by the source. The same trigger signal was used for the data
acquisition as with the front face scan. This procedure was somewhat more
delicate due to the basic mount for the side positioning. The detector was also
filled every 8 hours in this configuration as it was not mounted to the liquid
nitrogen storage dewar.
A photograph of detector A006 mounted within the test cryostat positioned
on its side over the scanning table is shown in Fig. 4.33(a). The detector
segmentation positioning over the scanning table is also indicated on the right
with the coordinates of the scanning table indicated.
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Figure 4.33: The single crystal cryostat mounted on its side above the collimator
of the scanning table (a). Figure (b) indicates the orientation of the detector
segments to the scanning table coordinate system.
The detector was mounted such that the A/F segmentation boundary was
located closest to the scanning table. The full bias un-gated intensity matrix
with all accepted events is depicted in Fig. 4.34 (left). The outline of the
detector can be observed as well as the asymmetry along either side of the
detector. The side scan was also gated on the 662 keV photopeak energy in
Fig. 4.34 (right). The areas of reduced intensity indicate the segment edges in
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which the  -ray scatters from the detector. The loss of intensity to the detector
edges is radially dependant. The central bore hole is also visible.
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Figure 4.34: The full bias side scan position intensity matrices of detector A006.
All accepted counts is shown in the un-gated spectra on the left. The 662 keV
photopeak energy gated position intensity is shown on the right.
The energy spectra can be gated upon segment Fold-1 events and the 662
keV photopeak energy, shown in Fig. 4.35. The only sectors fully exposed to
the photon beam are A and F and so the bulk of the crystal prevents a detailed
observation of every segment.
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Figure 4.35: The Fold-1 662 keV photopeak gated full bias side scan, all de-
tector sectors (right), BCDE sectors (left). The segmentation through depth is
observed as well as the asymmetric shape. The sector gated spectrum shows a
reduction of counts towards the central region, discussed in the text.
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To reveal more detail of the detector at full and reduced bias voltages, only
the back 4 sectors (B, C, D, E) were gated upon in the second image. This
allows for an observation of the central detector volume. In the sector gated
spectra a reduction of counts is observed as the 662 keV photons are absorbed
in the central region of the detector with sectors A and F.
Detector A004 was also scanned on its side. However, the connection of Seg-
ment E4 was missing upon finishing the full bias side scan. For this reason the
results for A004 are not used to describe detector performance in this section.
4.8.1 Reduced Bias Voltage Side Scans
Capsule A006 has been scanned on its side at reduced bias voltages. In order
to study the depletion of the detector along the length of the detector as a
function of voltage, several reduced bias scans were performed. In order to
show the growth of the depletion region, these spectra are gated on the back
4 sectors. The spectra depicted in Fig. 4.36 show the growth of the depletion
region from 100 V to full operating bias. The colour scale is chosen to show the
outline of the fully depleted region of the detector. At 100 V the outer portion
of the detector is depleted. As the bias voltage grows to 500 V the entire front
ring is depleted. At 1000 V and 1500 V the depletion of the back two sectors is
almost complete. At 5000 V the detector is fully depleted.
The proportion of the detector that is depleted has been calculated in the
same way as for the front face scan. The result is shown in Fig. 4.37. The
depletion proportion versus bias voltage agrees the measurement made on the
front face reduced bias voltage scan. The range of voltages used in the reduced
bias side scans was between 100 V and 1500 V, less than that used for the front
face scan. This result indicates that at 500 V along the length of the detector
nearly 90 % of the surface is depleted.
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Figure 4.36: The reduced bias side scan of detector A006. The spectra are gated
on the back rings to show the depletion surface. The evolution of the depletion
region is clearly shown. The colour scheme has been chosen to view the growth
of the depletion region.
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Figure 4.37: The proportion of depleted surface for reduced bias voltages as
calculated for the sector gates (BCDE) position intensity in the A006 side scan).
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Simulated Detector Response
Libraries
The ability to identify (within a few millimetres) the interaction positions of
 -rays within the AGATA detectors is made possible with pulse shape analysis
(PSA). A database, or library, of the signals generated by each AGATA detector
can be utilised to determine these interaction positions, as described in Section
1.3. The AGATA detector response has been simulated in order to build the
pulse shape libraries.
An experimental pulse shape database can be used to verify the performance
of the detector simulations. There are several ways to produce a database
of signals from the volume of the crystal experimentally. Databases created
through coincidence scanning, determine the response of a capsule to a  -ray
interaction at a specific x, y and z positions through the use of collimation
and ancillary detectors for coincident photon measurements. Previously such
experimental databases have been created for the symmetric prototype AGATA
capsules as well as the asymmetric capsule C001 [42,49]. An experimental pulse
shape database was generated for AGATA capsule A006 in this work, the process
is discussed within Chapter 6.
A drawback of coincidence scanning is the lengthy time required to collect
the data at a su cient number of interaction positions throughout the crystal
volume (several thousand). This process can take up to several months. An
additional method of creating experimental database is the Pulse Shape Com-
parison Scan (PSCS) which requires the comparison of pulse shapes produced
though the front and side single scans of the capsules [54]. In this way the
entire detector response can be collected within the time it takes for two singles
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scans (Section 4.3). Data was collected in this manner for detector C001 to
verify the methodology. This method is new and has not been verified such
that it can be used to generate the pulses for all of the crystals. New methods
of scanning the detector at multiple positions have also been developed with
the Orsay scanning system [13]. These new methods are in development at this
stage and not used in this work.
5.1 AGATA Detector Simulations
The signal shape produced by the crystal depends upon the physical properties
of each capsule as well as the interaction positions. There are three crystal
shapes and each crystal can vary in impurity concentration. The signal shape
produced is dependant upon these properties as well as the crystallographic axis
angle. The large number of capsules intended for the AGATA demonstrator and
full AGATA array requires an alternative method to produce this database of
signal shapes for each capsule, which is done with simulations.
In order to verify the performance of the simulations a comparison between
that and the experimentally generated database is performed, discussed in Sec-
tion 6.5.
Several programmes are used to simulate the AGATA capsules in order
to produce databases for experimental data analysis with PSA, including the
Multi Geometry Simulation, MGS [55], the Java AGATA Signal Simulation,
JASS [56], as well as the AGATA Detector Library (ADL) [57]. The MGS
and JASS simulations have been previously compared with the experimentally
generated databases produced through coincident scanning [42] [49]. The MGS
simulation is limited by a fixed grid size calculation of the electric field. This
limits the ability to calculate the field accurately near the electrodes where it is
changing rapidly. The JASS simulation has been developed specifically for the
AGATA geometry in which the user can specify the grid size. ADL, which has
the flexibility of being used for multiple detector configurations as well a user
specified step size for file calculation, will be compared with experimental A006
data in this work.
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5.2 The AGATA Detector Library
The AGATA Detector Library (ADL), is a set of routines developed in or-
der to characterise germanium detectors [57]. It has been developed by Bart
Bruyneel and Benedikt Birkenbach at the Institut fu¨r Kernphysik der Univer-
sita¨t in Cologne, Germany. ADL is written in standard C for the calculation of
pulse shapes response. The simulation can be tailored for di↵erent geometries.
In this simulation, the electric field and weighting potential (Sections 3.3.2
and 3.3.3) are calculated by solving the Poisson equation. In this work, the
detector geometry and configuration of the electrodes are input into the pro-
gramme SIMION [58,59], to generate the potentials and electric fields. ADL is
then used to generate the weighting fields for each segment as well as the charge
carrier trajectories for AGATA crystal A006. This process is discussed further
in Section 5.3.
5.2.1 Detector Geometry and Electrostatic Field
The first step to create a signal shape database is to specify the detector geom-
etry. The 3 geometries for the AGATA detectors (A, B and C), are specified
within SIMION. The geometry of detector A006 is depicted in Fig. 5.1.
y z
x
yz
x
Figure 5.1: Geometry specification for detector A006 as generated by SIMION.
The geometry of the core and segment electrodes have been specified in order
to generate the electric field and potential utilised by ADL [60].
The electrostatic potential is derived from this detector shape as well as the
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applied bias voltage. The Poisson equation, Equation 5.1, can be used for the
calculation of the electric potential,
d2 
dx2
+
d2 
dy2
+
d2 
dz2
=
 ⇢(x, y, z)
✏0
(5.1)
where ⇢(x, y, z) is the space charge density in the volume. The boundary con-
ditions of the volume and the relative dielectric constant, ✏0, must be known
for the calculation of  (x, y, z).
The space charge density is provided to SIMION. This charge density of the
crystal is determined by the impurity concentration from the front to the back
of detector A006, 1.80-0.52 x 1010 cm 3. The field strength must be determined
numerically due to the complex shape of the AGATA crystal.
The electric potential profile on a xz plane through the centre of the crystal
is depicted in Fig. 5.2 (left) for an applied bias voltage of + 5000 V at the
central anode contact and 0 V at the cathode.
The electric field, E, as a function of position is calculated using the voltage
boundary conditions from Equation 5.2:
E(x, y, z) =  r (x, y, z) (5.2)
and is depicted in Fig. 5.2 (right). There are three distinct regions of charge
collection due to the shape of the electric field: the front face of the detector
(A), the front corners (B) and the charge collection in the coaxial region of the
detector (C).
The electric potential decreases from the central contact with the radius.
Within regions (A) and (B) the gradient of the field is high at the front and
in the corners of the crystal. This is most extreme in region (A) where the
distance between the electrodes is smallest and are in an approximately planar
configuration. The electric field is nonuniform at the front corners within region
(B). The electrons produced in this region will travel along the electric field lines
diagonally toward the bottom of the central contact. The crystal asymmetry
a↵ects the electric field in this region shown by the field asymmetry on either
side of the crystal. In region (C) the electric field profile is approximately
uniform as charge carriers are collected across the radius of the detector toward
the central and segment electrodes. At the back of the detector between 85-90
mm the field strength is low.
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Figure 5.2: An illustration of the electric potential (left) and electric field (right)
on the xz plane through the centre of the crystal. The electric field gradient
varies in across the crystal in the three regions: A, B and C. The behaviour of
the field within these regions is discussed in the text.
5.2.2 Weighting Potential and Field
In order to determine the response of the detector at the electrodes the weighting
potential and field must also be calculated. This calculation has been discussed
within Section 3.3.3. The boundary conditions specified for this calculation are
+1 V on the charge collecting electrode and 0 V at all other electrodes. The
weighting potentials as calculated by SIMION for a segment and core electrode
are shown in Fig. 5.3.
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Figure 5.3: The weighting potentials of segment A4 and of the core electrode
on the xz plane through the centre of the crystal
The weighting potential for each electrode extends to adjacent electrodes
and through the entire crystal. Smaller segment electrodes will have a weight-
ing potential which drops o↵ to near zero beyond the adjacent neighbouring
segments. The distribution of the core weighting potential is similar to the
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electric potential, both of which drop o↵ radially from the central electrode.
The segment weighting potential is shown in detail in Fig. 5.4
0.003
0.010
0.900
0.100
x
x
y
z
Figure 5.4: The weighting potential for segment A4 on the xz plane through
the centre of the crystal (left) and on the xy plane of the crystal (right). The
field is strongest towards the segment electrode and drops o↵ quickly.
From the potential derived from the Shockley-Ramo theorem, the induced
transient charges are determined by the position of interaction, Equation 3.13.
For interactions close to the central electrode, electrons will be collected more
quickly. Holes will be collected slowly for the same interaction. Conversely
at interactions far from the central cathode, the holes will be collected more
quickly and electrons more slowly. The magnitude of the transient signals in-
duced is determined by the weighting potential field from the charge collecting
electrode on its neighbouring segments. The shape and magnitude of the tran-
sient response is governed by the shape of the weighting field.
5.3 Features of ADL
The electric fields, electric potentials and weighting potentials are calculated
within the SIMION programme utilising the detector geometry as well as the
applied bias voltage to set the boundary conditions. This calculation is per-
formed with SIMION due to its flexibility. Once these have been calculated,
they are read into ADL in order to calculate the drift velocity and determine
the signal shapes produced by the detector. The libraries included within ADL
are designed to be flexible enough to use with multiple detector geometries for
other HPGe applications.
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The process of signal shape calculations in ADL is given in Fig. 5.5.
Induced
Signals
Applied
Voltage
Crystal
Axis
Charge Carrier
Trajectory
ADL
Electric
Potential/Field
Weighting
Potential/Field
SIMION
Electrode
Geometry
Impurity
Concentration
Boundary
Conditions
Figure 5.5: A flow chart indicating the steps used to calculate the pulse shape
database using ADL.
ADL utilises the crystallographic axis configuration and the impurity con-
centration as reported from the crystal manufacturer. This impurity concentra-
tion is reported with a linear gradient which is used for the calculation but not
necessarily accurate, as discussed in Section 4.1.2. Electron and hole mobility
values are then used to calculate the charge carrier drift velocity, using Equation
3.10. The charge collection process is then calculated within ADL, either on a
fixed grid or from a list of x, y and z positions. The results derived include the
signal shapes generated by the core electrode, charge collecting electrode and
transient signals induced on neighbours on a fixed 1 or 2 mm grid. The output
from ADL can be given in ASCII format for quick analysis and for use within
the pulse shape analysis algorithms
The database used to compare the simulated pulse shapes to the experimen-
tal database was generated on a 2 mm grid, which yielded 46 318 positions. The
points generated for the A006 detector on this grid are depicted in Fig. 5.9.
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Figure 5.6: The 2 mm grid of positions generated in an ADL simulated database
used to compare with the experimental A006 data. There are 46 318 positions
within this database. The colours are chosen to highlight the detailed grid.
5.3.1 Preamplifier Correction
In order to generate a simulation equivalent to the output from the capsule
and test cryostat the signal must be corrected in several ways. To account for
the long decay and limited bandwidth of the charge sensitive preamplifier, a
correction based on the AGATA charge sensitive preamplifier output is applied.
A correction to the raw ADL signal has been applied including the response
of the preamplifier. The AGATA preamplifier has been introduced in Section
3.4.2. The output of the preamplifier, the voltage response V (t), is a convolution
between the input current, I(t), and the preamplifier response function, R(t),
given in Equation 5.3:
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V (t) =
Z t
0
I(t  t0) ·R(t0)dt0 (5.3)
The preamplifier response function, which is taken from [61] as a function of
time, t, is given in Equation 5.4,
R(t) = g · 1
1  c ·
✓
1
1 + (1 c)c · exp( b · t)
  c
◆ t
td
(5.4)
which is derived from the Sigmoid function [62]. Where g is the gain, the value
of b determines the rise of the pulses and (1  c)/c determines the point of the
change in the curvature of the signal shape. This response function was applied
to the ADL simulated database. The correction of a charge collecting segment
B4 and its neighbours, as well as the core are shown in Fig. 5.7.
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Figure 5.7: The preamplifier response function correction to the ADL simulated
pulse shapes. Equation 5.4 has been applied to the charge collecting segment
and its neighbours, as well as the core.
The influence of the preamplifier on the signal causes a long decay on the real
charge pulse shape signal in segment B4 and in the core signal. The correction
smooths out the curvature on the transient signal shapes as well. The correction
will a↵ect the risetime calculations performed in Section 5.3.3, lengthening the
both the T30 and T90 calculated values. This correction has been applied to the
simulated database used for the rest of the analysis in this rest of this chapter
and within Chapter 6.
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5.3.2 ADL Signal Shapes
The signal shapes generated from ADL can be studied by examining how the
pulse shapes change as a function of position over the volume of the detector.
To study the simulation results by position, the ADL data base was generated
again for detector A006 on a 1 mm grid. The following sections give the results
of this study through the calculation of the T30 and T90 rise times as well
as the position sensitivity. An example of signal shapes generated for detector
A006 for interaction positions at Z = 40 mm on a line within segment C4 are
shown in Fig. 5.8.
The evolution of the pulse shapes across the charge collecting segment and
core is shown from the core electrode (blue) to the segment electrode (red).
From the core and C4 plots, the rise time values for positions close to the
charge collecting electrodes are steeper as charge is collected more quickly near
the electrode.
The evolution of the transient signals is shown for the neighbouring seg-
ments (C3, C5, B4, D4). The magnitude of the transient signals is directly
dependant upon the interaction position which increases for interactions close
to the neighbouring segment. This e↵ect is clearly shown in the plots of the re-
sponse of segments B4 and D4. Charge is also induced on the segments directly
above and below the charge collecting segments. The Z = 50 depth is closer to
the Ring 3 than Ring 4, which results in the transient signal having a greater
magnitude in Segment C3 than in Segment C5.
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Figure 5.8: The evolution of ADL pulse shapes and transient signals across
segment C4 at Z = 40 mm from the detector front face. The evolution of both
the core and charge collection segment signals as the interaction position moves
from the segment electrode (blue) toward the core electrode (red) are shown.
The evolution of the transient signal induced upon the neighbouring segments is
shown as the interaction position changes across the charge collection segment.
5.3.3 ADL Rise Time Calculation
The T30 and T90 rise time values have been calculated from the 1 mm ADL
database. This calculation is made on the core signal in order to study charge
collection as a function of position. To approximate the response from the ex-
perimental Front Face Singles Scan for rings 1, 2 and 3 the risetime calculation
has been calculated from a weighted average over the depths of the rings. The
calculation of T30 and T90 are taken from the t10 to t30 and t90 times, respec-
tively. Within Ring 1, depths 1 - 8 mm were averaged; Ring 2, depth 9 - 21
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mm were averaged, in Ring 3, depths 22-36 mm were averaged. The rise time
maps are shown in Fig 5.9.
For the T30 core risetime values, the fastest risetime occurs at positions
close to the core electrode. Within the T90 risetime plots, central regions of
the rings have the highest rise times as observed experimentally. The crystal-
lographic axis can also be observed as the azimuthal variance in risetime. The
core risetime response of the A006 simulation shows good agreement with the
experimental core risetime calculation, see Section 4.5.2.
Figure 5.9: ADL T30 core rise time (top) and ADL T90 core rise time (bot-
tom) for rings 1-3. These values are calculated from a 1 mm ADL database by
weighting each Z layer over the ring depth and accounting for the photon atten-
uation through the crystal. The four fold crystallographic axis can be observed
as the azimuthal variance in rise time.
5.3.4 ADL Position Sensitivity
The position sensitivity of simulated 1 mm database is calculated. The sensi-
tivity, S2ij, is defined as the change in signal shape in time produced by each
detector segment over the volume of the crystal. This will result in the variance
in the response by position within the entire detection volume.
This can be defined as the di↵erence in signal across every segment, qk(t) -
qj(t), at time t between positions i and j. The detector sensitivity S2ij is given
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by Equation 5.5,
S2ij =
 r2ij
 s2ij
(5.5)
where  rij is the distance between the electrodes and  sij quantifies the dif-
ference in signal amplitudes. The sensitivity over all of the detector segments
over the entire signal is given in Equation 5.6,
 s2ij =
k=37X
k=1
t90X
t=t10
hq(t)ki   q(t) kjp
2
i2
(5.6)
where k is the segment index.
This equation was adapted from [63] and used to calculate the sensitivity for
the ADL 1 mm database for the di↵erence in signal in the x, y and z directions
as the interaction positions moved. For those positions that are less sensitive,
the  sij value is lower. Higher  sij values indicate regions which produce
varying signal shapes.
The sensitivity of the signal shapes is calculated for a xy plane at Z = 45
mm in the centre of the detector. The xy direction sensitivity, is shown in Fig.
5.10(a), the xdirection, Fig. 5.10(b), and the Y direction, Fig. 5.10(c).
The xy sensitivity maps indicate that the greatest detector sensitivity occurs
at the segmentation edges. There is also a sensitivity across the xy direction
of each segment. This azimuthal dependance is due to the change in transient
signal magnitude, dependant upon interaction position.
The sensitivity has been calculated on the xz plane at y = 0 to show the
signal variance over the centre and length of the detector. The sensitivity of
the signal shapes in the xz direction, Fig. 5.11(a), the xdirection, Fig. 5.11(b),
and the Z direction, Fig. 5.11(c).
The xz plane figures indicate that at the segment boundaries the signal
shapes vary greatly. In the central regions of the segments, the sensitivity is
lower, indicating a lower variance in signal shape of all segments of the detector.
The sensitivity for the x direction over the centre of the segments is, however,
greater than that of the z direction sensitivity due to the change in signal shape
as the charge is collected by the electrodes.
In the front of the detector where the electric field becomes approximately
planar there is a high sensitivity. In this region the z direction sensitivity varies
greatly as the charge is collected along the electric field lines, electrons towards
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Figure 5.10: The sensitivity,  sij, of the xy plane for the 1 mm simulated pulse
shape database.
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Figure 5.11: The sensitivity,  sij, is calculated on a xz plane at y = 0 for the
1 mm simulated pulse shape database.
90
Chapter 5: Simulated Detector Response Libraries
the central electrode and holes toward the segment electrodes. The result of
this measurement indicate that a regular grid of simulated interactions may not
be the most e↵ective for online experimental pulse shape analysis. A database
with less detail in central segment regions and greater position resolution near
segment boundaries and in the front of the detector could be a more useful
database for PSA due to the higher sensitivity in these regions.
The xz sensitivity has been examined further by making a cut across the xy
plane at x = 14 mm, shown in Fig. 5.12. There is a sharp increase in sensitivity
at the segmentation boundaries through the depth of the detector.
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Figure 5.12: The  sij as a function of Z depth for the xz plane at x = 14 mm.
5.4 Summary
The ADL library has been introduced and the signal shapes generated have
been studied. Rise time and position sensitivity have been calculated for a
1 mm database. Referring to the experimental core rise time calculations in
Appendix A, the behaviour of the ADL database is very similar to the experi-
mental data. This calculation indicates that the simulation signals have similar
values as the experimental results when looking at the average position perfor-
mance of the detector. The sensitivity demonstrates how the signal shapes vary
for detector A006 over its volume, indicating the utility of a non-uniform pulse
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shape database for PSA calculations. A detailed comparison of the corrected
simulated ADL database will be done with real experimental data acquired for
detector A006 within the following chapter.
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Experimental Pulse Shape
Database
An experimental detector pulse shape database is generated to validate the
simulated pulse shape databases. In order to create the experimental pulse
shapes, the detector signal response is produced from precisely defined single
site  -ray interactions within the HPGe material through a coincidence scan.
This coincidence scan is performed using the AGATA capsule A006 coupled
with ancillary scintillation detectors.
The purpose of the coincident data acquisition is to calculate a pulse shapes
produced at precise XYZ positions within the detector. This measurement is
performed with the Liverpool scanning table using secondary lead collimators to
laterally isolate each detector ring. The collimated 137Cs photon beam, moved
in XY by the Parker scanning table, impinges on the detector and through
the Compton scattering interaction process, some of the 662 keV photons will
scatter at 90  within the AGATA detector which can then be detected within
scintillator detectors surrounding the secondary collimators. This allows for
identification of the position of interaction in the Z direction. The pulse shapes
are used to calculate averages, or mean pulses, for each position in each ring.
The average is calculated to reduce the electronic signal noise on the individual
pulses.
Ideally, a scan of all of the AGATA asymmetric detectors would be performed
to test the simulated databases. However, given restrictions on the availability of
each crystal for this process and the length of time of coincident data acquisition,
the priority was made to scan at least one of each shape of AGATA detector.
In this way, the electric field simulations can be validated and verified.
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6.1 Coincident Scanning Method
The process of performing a coincidence scan on the AGATA detectors has been
outlined in both [42,49]. Some of the principles important for the data acquisi-
tion for A006 will be outlined in this section. Capsule A006 was mounted in the
test cryostat above the scanning table in the same configuration as described
in Section 4.3.1. A singles scan was made in order to identify XY coordinates
of the detector front face provided by the scanning table.
The detector was then surrounded with semicircular lead bricks which acted
as the secondary collimators. Gaps between the bricks were made at each ring
depth in order to isolate position interactions on a Z depth within each ring.
Scintillator detectors were then placed at these gaps. Over a period of 3 months
data was collected for capsule A006 in coincidence with the ancillary scintillator
detectors in order to collect a su cient amount of statistics for all positions.
6.1.1 Collimator and Scintillator Layout
The layout of the secondary collimators is distinguished by the left side (LS)
and right side (RS), shown in Fig. 6.1. The scintillator detectors used included
36 small hexagonal bismuth germinate (BGO) detectors and 3 sodium iodide
(NaI) detectors. The BGO detectors were clustered together in groups of 3-4,
sharing one signal output channel. The clusters of BGO detectors are placed
around each collimator gaps on the rings 1-4 on the LS and 1-6 on the RS. The
NaI detectors are placed to cover rings 3-4 on the LS of the AGATA detector.
The distribution and layout of the collimator ring gaps and detectors is given
in Table 6.1.
Ring Gap Width LS Depth Scintillators RS Depth Scintillators
(mm) (mm) [Cluster] (mm) [Cluster]
1 1.5 4.0-5.5 4 [C1] 4.0-5.5 4 [C2]
1 & 2 3 15.7-18.7 5 [C3/7] 15.8-18.8 5 [C4/9]
3 3 31.8-34.8 2 [C10] + 3 NaI 32.9-35.9 4 [C5]
4 3 50.6-53.6 2 [C12] + 3 NaI 52.0-55.0 4 [C6]
5 3 69.1-72.1 3 [C8/6]
6 3 87.8-90.8 3 [C11]
Table 6.1: The dimensions of the collimation gaps in the the secondary lead
collimator configuration used in the coincidence scan.
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(a) The collimator spacing versus ring depth.
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Figure 6.1: Figure (a) shows the coincident scan collimator layout. The sec-
ondary lead collimators used in the acquisition of coincidence data. These
collimators isolate the Z depth of interaction within each ring. This method
allows for the coincident measurement of 90   scatter events. Figure (b) shows
the detector sector positions scheme orientated on the scanning table.
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6.1.2 Scan Positions
The grid of scan positions used for the collection of data is shown in Fig. 6.2.
The coincidence scan was made up of 21 radial line scans (a) and 3 azimuthal
scans (b), resulting in a total of 366 XY positions. The scan positions were
generated by a MATLAB code, calculated based on the detector geometry.
F
A
B
C
D
E
L20
L11
L19 L2
L10
L18
L16
L14
L9
L6
L13
L4
L8
L15L1
L17
L5
L3
L17
L12
L21
(a) Radial line scan positions.
A
B
C
D
E
F
Azim 24 mm
Azim 27 mm
Azim 7 mm
(b) Azimuthal line scan positions
Figure 6.2: A schematic depiction of the 24 scans taken for AGATA detector
A006. 21 radial line scans and 3 azimuthal line scans were performed resulting
in a total of 366 XY positions. The sector labels are in the Cologne labelling
scheme, which is used in the Liverpool scanning system. The secondary colli-
mation of the detector into 7 depths results in 2562 total scanned positions.
The sector labels in Fig. 6.2 are in the Cologne labelling scheme which used
in the Liverpool scanning system. The translation between the Cologne and
AGATA labels is given in Fig. 4.3. The radial lines were generated based on the
sensitive regions of the detector, which are concentrated near the segmentation
boundaries where the signals are changing rapidly. The sensitive regions of the
detector segments are shown for the ADL simulation in Section 5.3.4.
The radial line scans were centred on the crossing point of the segmentation
of the detector. Each radial line scan has 12 or 13 points, dependant upon
the radius of the detector along the line trajectory, which varies due to the
detector asymmetry. The azimuthal line scans were generated centred upon the
segmentation crossing point, and are therefore o↵set from the centre of the back
detector ring. The detector is scanned at 3 hours per XY position in order to
generate enough statistics.
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Due to the shape of the electric field, Ring 1 interactions may be detected
in the Ring 2 collimation gap. The secondary collimation of the detector into
7 depths, including the Ring 1 and 2 responses at collimator depths 2 and 3,
results in 2562 scanned positions.
6.1.3 Data Acquisition Electronics
The coincident data acquisition is performed using scintillator detectors incor-
porated with the basic electronics used for the singles scans. To create the pulse
shape database, additional electronics were used to form a coincident trigger to
read out events triggering both the AGATA detector and the scintillator detec-
tor response. The singles scan electronics included the ORTEC 659 bias supply
to provide capsule A006 capsule with + 5000 V, the CWC modules and the 4
ten channel GRETINA digitisers. The output core analogue signal is input to
a ORTEC 671 spectroscopy amplifier with a 6 µs shaping time which was input
into the CAEN ADC. The coincident scan electronics setup is shown in Fig.
6.3.
VME
AGATA
Capsule
Segment
CWC Box
Core
CWC Box
Spectroscopy
Amplifier
CAEN
SAC
15 15
TFA
Counter
LED
TAC
12 x BGO
CFD
Multi
16 x NaI 16 ChannelSpectroscopy
Amplifier
ADC
G&D
start stop
LEDTFAPatch
Panel
Gretina
Digitiser
Cards
300 ns
Delay
Logic Unit Di↵erential Signal
Coinc
Unit
Single-ended Signal
Timing/Trigger Signal
Analogue Energy
Figure 6.3: A schematic diagram of the electronics utilised for the coincidence
scan setup. The trigger used in this mode of data collection was a coincident
event between the AGATA capsule and the ancillary BGO and NaI scintillator
detectors.
The coincidence trigger was generated by coincident events in the AGATA
detector and the scintillators. A Timing-to-Amplitude Converter (TAC) pro-
duces a signal proportional to the time di↵erence between the START and
STOP triggers. The core analogue signal is input into a TFA and CFD, which
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is used as the START signal and also input into a Coincidence Unit. The STOP
signal is derived from the scintillator detectors. The 3 NaI detectors were pow-
ered with Canberra 3106D bias voltage supplies. Two NaI detectors were biased
with + 600, the last one with + 750 V. The BGO detectors were coupled to-
gether in groups of 3 and 4, to be biased with + 900 V by purpose built voltage
supply and preamplifier. The preamplifier boxes summed the BGO signals and
supplied one output signal.
The combined BGO and NaI signals were connected to a patch panel to
supply two outputs for each signal. One set of scintillator signals was input into
a Silena ADC in order to record the analogue energy for gain matching and
gating. A summary of the Silena channel map is given in Table 6.2.
LHS Ring Silena Ch. RHS Rings Silena Ch.
1 1 1 2
2 3, 7 2 4,9
3 10, 13 - 15 3 5
4 12 - 15 4 6
5 5 8, 6
6 6 11
Table 6.2: The scintillator - Silena channel layout. The output of groups of 3 -
4 BGO detectors were combined within their preamplifier/bias supply boxes.
The second set of scintillator signals were combined in a Multiplicity Unit,
which provides an output when a scintillator is triggered. A 300 ns delay was
added to the multiplicity output signal which was used as the TAC stop. The
TAC gate was set to 200 ns. A second output from the multiplicity unit was
input into the Coincidence Unit. This unit provides the option of a trigger if
there is a trigger from either the AGATA detector or the scintillator (a single
trigger) or a coincident trigger if the AGATA and scintillator are triggered
in coincidence. The coincidence unit output was used in a Gate and Delay
generator and then input into the SAC, triggering the data readout.
Calibration data was acquired for detector A006 with 241Am and 152Eu
sources. The BGO and NaI detectors were gain matched with 57Co and 137Cs.
With the LE threshold set to zero, the background trigger rate for the BGO de-
tectors was ⇠50-200 Hz. The background trigger rate for the NaI detectors was
⇠0-40 Hz. As the collimators were built around detector A006, a 22Na source,
which emits two back to back 511 keV  -rays, was used to check for coincident
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measurements signals between the AGATA detector and the scintillators. The
singles trigger rate at the collimator gaps for the BGO detectors was ⇠4 kHz
in the Ring 1 and on average ⇠20 kHz in Rings 2-6. The singles trigger rate for
the NaI detectors was ⇠1-2 kHz.
The coincident trigger rate varied based on the scanning table position with
respect to the detector. In central regions of the detector, there were fewer coin-
cidences (0.5 Hz), whereas at the outer regions of the detector the coincidence
rate was ⇡ 0.8 Hz.
The data readout was determined by a trigger in both AGATA and the scin-
tillators by a coincident  -ray interaction. The energy deposited within AGATA
for a 90  scatter is determined by the Compton scattering formula, Equation
2.5. The energy deposited by the 662 keV  -ray photon beam scattering at 90 
is 374 keV. The remaining photon energy of 288 keV will be detected by the
scintillator detectors.
6.2 Pulse Shape Database Generation
Upon the completion of the coincidence data acquisition, the pulse shape library
is built from averaging the response of the detector made at each position. The
data was filtered o✏ine and average (mean) pulses were formed from iterations
at each position in the coincidence scan.
6.2.1 Coincident Event Gates
Pre-filtering of the data is performed with the MTSort programme in order
to perform gain matching. Approximately 1% of the events that triggered the
system and were recorded for the scan were single site interactions, as only a
small portion of interactions between the 662 keV photon beam and the crystal
will result in 90  scattered events. The coincident data is gated on fold, detected
energy and scintillator channel in order to identify true events at each ring.
Energy Gate: Energy gates are placed on the AGATA core MWD energy
and the Silena scintillator energy. The EAGATA vs EScintillator matrix and the
corresponding energy spectra are indicated in Fig. 6.4. The energy gates were
placed on the AGATA core MWD energy spectrum and the scintillator energy
spectra, corresponding to EAGATA = 288 ± 3 keV and EScintillator 344 ± 100
keV. The poor energy resolution of the Scintillator signal as well as the detector
gain shift contributes the the poor energy resolution. This is observed in the
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correlation matrix and the scintillator energy spectra Fig. 6.4 (bottom right).
Additional features are visible in the energy correlation matrix, including the
faint 511 keV annihilation peak and the full energy 662 keV  -ray energy.
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Figure 6.4: Left: The EAGATA vs EScintillator correlation matrix. Gates were
placed on the AGATA MWD energy spectra at EAGATA = 288 ± 3 keV and on
the scintillator energy spectra at EScintillator 344 ± 100 keV. Right: The corre-
sponding energy spectrum for the core MWD energy (top right) and scintillator
(bottom right).
Segment Fold Gate: The data is also gated on the AGATA segment Fold-1
events, where the full 374 keV energy was deposited within one segment. The
contributing events which had energy shared between AGATA segments due to
scattering were rejected.
Scintillator Fold Gate: There is also a gate placed on Fold-1 scintillator
events, in which the scattered 288 keV energy spectra was deposited in a single
scintillator.
Ring/Scintillator Correlation Gate: The collimator detector placement re-
sulted in a correlation between AGATA ring and scintillator channel number,
summarised in Table 6.2. Events triggered by random combinations of channels
that did not correlate to this scheme were filtered from the data.
The number of events which remained after these gates on the experimental
data at each collimation depth in rings 1-6 ring is depicted in Fig. 6.5.
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Figure 6.5: The number of coincident events per collimation depth which pass
the energy, fold and ring/scintillator gates.
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6.2.2 Mean Pulse Formation
The coincidence data acquisition time of 3 hours per position was required
to obtain enough statistics in order to form a mean pulse signal for specific
x, y and z positions within the detector. The mean pulse code, fm.m, was
developed previously by Matthew Dimmock and Carl Unsworth for building
the experimental pulse shape database for detectors S002 and C001 as described
in [42,49]. This code was used to form the experimental pulse shapes for detector
A006.
Mean pulse formation is necessary to reduce baseline noise on the individual
signals. The first step of the mean pulse calculation was to normalise the core
and segment real charge pulse shapes as well as transient charges to 1. The
individual pulses are then time aligned: the segment real charge and transient
signals to the T10 and the core signals to T90. The risetime of each channel
di↵ers between the segment and core signals. These values were aligned due
to the variation in the risetime at sample position which is caused by walk in
the LE trigger. The number of initial pulse shapes used to calculate the mean
varied with detector position, due to a reduction in the number of triggers as
discussed in Section 6.1.3.
Photon attenuation of the 662 keV  -ray leads to a reduction in hits passing
the coincidence gates from the front to the back of the detector. In the central
regions of the detector, there is a reduction in coincidences due to the likelihood
that the photon will scatter again before it is detected by the scintillators. There
is also a variation in how well the scintillator detectors cover the rings to detector
events, so there will be a variation in the response azimuthally. A minimum
threshold of 2 pulse shapes was set in order to form a mean pulse. The number
of events contributing to the final mean in each ring is shown in Fig. 6.6
An initial mean pulse was created by averaging all of the pulse shapes from
interactions passing the coincidence gates. Each individual pulse shape was
then again compared to this mean and any pulse shapes deviating greatly from
the mean were then rejected from a final mean calculation. An example of the
pulse shapes for an interaction occurring in Segment C4 is shown in Fig. 6.7.
The core and segment real charge pulse shapes as well as the 4 neighbouring
transient pulse shapes are shown. All of the pulse shapes passing the coincidence
gates are shown as well as the final mean pulses, indicated in red.
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Figure 6.6: The number of coincident events per collimation depth which con-
tributes to the mean pulses.
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Figure 6.7: An example of the formation of the mean pulse shapes for an in-
teraction in Segment C4. The mean is formed from 52 coincident events. The
mean pulse is indicated in red, showing a reduction in baseline noise.
6.3 Experimental Position Translation
Several translations are made in order to convert the detector scan coordinates
into the AGATA coordinate system in order to compare the database with the
ADL simulated database.
6.3.1 XY Coordinate Rotation
The coordinates of the detector were converted from the scanning table co-
ordinate system to the AGATA coordinates. This was performed in order to
standardise the pulse shape database positions as well as to compare the detec-
tor with the ADL database. The detector was first translated in XY position to
be centred on (0,0) at the front face segmentation crossing point. The detector
data set was then rotated 120 degrees to align sector A with the X-axis. The
rotation of the coordinate system is shown in Fig. 6.8.
6.3.2 Z Depth O↵set
The absolute depth of interaction must be corrected for each of the collimation
depths. Uncertainties in this value are caused by the di culty in the precise
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Figure 6.8: The coordinate and rotation correction applied to detector A006.
The coordinates were transformed to the AGATA coordinates scheme. The
blue labels indicate the experimental scanning table setup. The green labels
indicate the translation in XY and the red indicates the final rotation to AGATA
coordinates.
positioning of the A006 capsule with respect to the lead collimators and also
by the uncertainty distance from the capsule to end cap.
A least squares measurement was made between the ADL simulation and
the experimental database in order to verify the Z position of the interaction
positions with the rings. The measurement was performed on radial scan line
4, extending from the core to edge of the crystal. Segment C4 due to the
uniformity of the electric field within Ring 4.
The original estimation of depth of interaction are given in Table 6.1 indicate
that for Ring 4, the Z depth interaction was at 50.6 - 53.6 mm on the right side
(RS) of the crystal. The results of the least square measurement are shown in
Fig. 6.9.
The calculated least squares measurement indicates that the actual colli-
mation gap for the Ring 4 coincidence measurements di↵er from the estimated
depth. The result of the calculation yielded a minimum value is 54 mm, used
as the depth to compare with the simulated database, given in Section 6.5.
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Figure 6.9: The depth correction calculated from a least squares method based
on 6 positions within radial line 4. The minimum least squares minimum occurs
at 54 mm.
6.4 Experimental Pulse Shape Results
The mean pulse shapes can be examined to look at the pulse shape response
of the detector in detail. For this work, Segment C4 in Ring 4 was chosen to
illustrate the pulse shape changes radially and azimuthally through the detector.
The core, hit segment and hit segment neighbours are used for this analysis.
The sensitivity of the pulse response as a function of position has also been
measured. The radial lines examined within this section and Section 6.5 are
shown in Fig. 6.10.
The experimental mean pulse shapes of radial lines 4, 8 and 13 are given in
Figures 6.11, 6.12 and 6.13 respectively. The results for the azimuthal line scans
at 24 and 27 mm for sector C are given in Figures 6.14 and 6.15 respectively.
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Figure 6.10: The radial and azimuthal lines scanned in Segment C4.
6.4.1 Radial Line Scan 4, 8 and 13
The radial line scans consist of 12 - 13 points equally spaced on a straight line.
The radial line scans indicate the change in real charge risetime as a function
of radial position. This is due to the change in drift distance for the electrons
and holes within each segment. From the radial line scans, it is observed that
the core risetime is faster for positions closer to the core electrode.
The C4 segment risetime is slower for positions closer to the core electrode.
For positions close to the segment electrode, the core risetime drops and the
segment risetime is faster.
The transient charge signal in Segment C5 has a greater magnitude than C3
due to the collimation depth positioning. As the position increases radially the
change in transient charge magnitude is also observed, from positive to bipolar
to negative. This is the result of the electron and hole collection. Near the
core electrode at small radii, the risetime is dominated by the movement of
the holes toward the segment contact, which induces positive transient signals
in the neighbouring segments. At larger radii toward the segment electrodes
the risetime is dominated by the electron collection, which induces negative
transient signals. The intermediate radii, bipolar signals are induced.
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Figure 6.11: Radial Line 4 through Segment C4, where the interaction position
moves from the centre of the crystal (pink) to the outer edge (yellow).
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Figure 6.12: Radial line scan 8 through Segment C4. The interaction position
moves from the centre of the crystal (green) to the outer edge (purple).
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Figure 6.13: Radial line scan 13 through Segment C4. The interaction position
moves from the centre of the crystal (purple) to the outer edge (pink).
6.4.2 24 and 27 mm Azimuthal Line Scans
The azimuthal scans through Segment C4 indicate a more uniform risetime at
constant radius. The azimuthal scan lines show the change in transient signal
magnitude as the position moves from one segment to another. The segments
adjacent to C4 within Ring 4, B4 and D4 indicate the position dependance of
the transient charge amplitude. This e↵ect is more obvious on the 27 mm scan
shown in Fig. 6.15.
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Figure 6.14: The 24 mm azimuthal line scan through Segment C4. The mag-
nitude of the D4 transient charge increases as the interaction position moves
within Segment C4 from Segment B4 toward Segment D4 (orange to green).
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Figure 6.15: The 27 mm azimuthal line scan through Segment C4. The mag-
nitude of the D4 transient charge increases as the interaction position moves
within Segment C4 from segment B4 toward Segment D4 (orange to blue).
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6.4.3 Experimental Position Sensitivity
The position sensitivity,  s2ij, is calculated for the experimental database in
the same manner as for the ADL sensitivity measurement, using Equation 5.6.
Sensitivity is important as it reflects how well the pulse shape signals can be dis-
tinguished throughout detector position. For this calculation the core response,
hit segment response and four neighbouring segment signals are included for
each position.
 s2ij =
6X
k=1
t90X
t=t10
hq(t)ki   q(t) kjp
2 
i2
(6.1)
where q(t) represents the signal amplitude at each sample position, and  
represents the standard deviation in the baseline signal, or the noise on the
mean pulse. A high value of  s2ij represents a large sensitivity where the signal
response of the detector is changing rapidly. The sensitivity was normalised to
the maximum sensitivity within each scan line. The sensitivity as a function of
position for the scan of Segment C4 is given in Fig. 6.16.
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The sensitivity results are also plotted as a function of line radius and az-
imuthal angle as well, shown in Fig. 6.16. The lines plotted on top of the data
reflect the trend of the sensitivity measurement, not a calculated relationship
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Figure 6.17: The experimental position sensitivity as a function of radius (left)
and azimuthal angle (right). The lines show trend lines only and do not repre-
sent a fit.
The radial scan lines indicate that the sensitivity is greatest at the segment
borders and that the detector sensitivity reduces at intermediate radii within
the central region of the segments. The azimuthal scan result shows that in
the central region of the segment the sensitivity increases. This is due to the
change in transient charge signals within adjacent segments.
Upon examining the simulated results for the sensitivity within the ADL
database, Fig 5.11, there is agreement that the sensitive regions of the detector
occur along the segmentation boundaries, with less sensitivity at the centre of
the contacts. This experimental sensitivity calculations show an agreement with
the results shown for the ADL simulation, further described in Section 5.3.4.
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6.5 Pulse Shape Comparison with ADL Database
The experimental database has been compared to the ADL simulation in the
following section. An example of the experimental pulse shapes versus the ADL
pulse shapes is shown in Fig. 6.18.
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Figure 6.18: The experimental and ADL pulse shapes for radial line 4, position
1. The result shown is for Segment C4 and ADL depth 52 mm.
The overlaid pulse shapes indicate an excellent agreement in the risetime
and transient signal magnitudes. In this figure, the transient signals are aligned
to 0.05 magnitude position.
6.5.1 Position Resolution Results
The ultimate goal of the coincidence scan is to validate the ADL simulation
with the experimental detector data.
In the RMS di↵erence was calculated for the hit segment, C4, and the neigh-
bouring segments between the experimental database and a range of ADL posi-
tions. The core and real charge signals were aligned at t50 for this measurement,
and the transient signals were aligned at maximum amplitude.
The experimental pulse shapes were compared to a 2 mm database of ADL
pulse shapes at Z depth = 52 mm, which showed the best agreement for Segment
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C4. The minimum di↵erence between signals searching within a 10 mm2 range
of ADL positions was calculated with Equation 6.2, where  s2 is the total
di↵erence in signals,
 s2 =
samplesX
i=0
"
(ADLi   Expi)2
samples
#
(6.2)
Quiver plots are generated for each detector ring showing the di↵erence in
experimental and ADL position for the minimum RMS value calculated. The
results generated for the scan lines through Segment C4 is given in Fig. 6.19.
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Figure 6.19: The di↵erence in the minimal position between the experimental
data and ADL azimuthal scans. A calculation of the mean displacement yields
a value of dR = -5.6 mm.
The average displacement calculated Segment C4 between the experimental
position and ADL position, dR = dX + dY + dZ = -5.6 mm. From the radial
line quiver plots it appears that there is a systematic rotation in the position of
the experimental pulses, resulting in a large number of the arrows which point
toward neighbouring Segment D4.
Fig. 6.19 indicates that for this measurement the average dR position resolu-
tion achieved for the detector, 5.6 mm takes into account several large outlying
RMS values. For the points at the edge of the detector segments, the position
displacement is approximately 2.5 mm. With further examination, the large
initial dR value could be inflated due to the small number of points, with re-
spect to the entire detector, that are included in this calculation. Further work
may include an examination of the entire database of pulse shapes.
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Summary
Two AGATA asymmetric detectors were scanned at the University of Liverpool
Oliver Lodge Laboratory scanning table in order to study and compare their
performance. Over a period of 3 months, experimental data was acquired in
order to generate a database of signal responses. This data is used to validate
a pulse shape database produced through the simulation library ADL.
The uniformity in performance of the detectors supplied by Canberra is
essential for the AGATA project. In order to verify this, the energy resolution,
e ciency and charge collection response of the AGATA capsules A004 and
A006 have been compared directly. The energy resolution and e ciency were
measured to be within the AGATA specifications. The core energy resolution
measurement yielded FWHM of 2.10 keV at 1332 keV for A004 and 2.06 keV
for A006.
The collimated photon scans of the two detectors indicated excellent unifor-
mity of response throughout each ring over the surface of the HPGe crystals.
A comparison of transient charge response of both A004 and A006 gave good
agreement.
The depletion as a function of bias voltage has been compared quantitatively
between detectors A004 and A006, showing that the impurity concentration has
an e↵ect on the rate of depletion of the detector. For lower impurity concen-
tration, the detector depletes more readily. The performance of the detector at
bias voltages lower than the operating voltage was also examined. This study
showed that the photopeak position gain shifts to lower values as the bias volt-
age is lowered. The resolution worsens as the detector becomes undepleted at
reduced bias voltages.
The pulse shape response of AGATA has been studied using the ADL sim-
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ulation, indicating that the sensitivity of response is dependant upon detector
position. The most sensitive region, where the pulse shape and transient re-
sponse is changing more readily, is found to be at the segment boundaries and
the front region of the detector.
The experimental pulse shape database generated for AGATA detector A006
utilised the Liverpool coincidence scanning system. The experimental database
response was quantified, indicating the variation in sensitivity throughout a
region of the detector. The ADL simulation of A006 was compared to the
experimental database. The measurement yielded an average displacement, dR,
between the two data sets of 5.6 mm. This value may be investigated further
by validating the entire experimental detector library against the simulated
database.
7.1 Further Work
The comparison of detectors A004 and A006 has given detailed information
on the uniformity of performance. It is recommended that future work should
include measurements on the crystallographic axis and depletion as well as a
detector response on the next AGATA crystals scanned at the University of
Liverpool with a 60 keV 241Am collimated source. This will enable detailed
study of the capsule.
Several experimental parameters may be included in this analysis in order
to improve the comparison between the ADL simulation and the experimental
data, including possible capsule rotation and electronic crosstalk. A calcula-
tion of the crosstalk for the detector A004 and A006 is possible and has been
performed for detector C001 previously [49].
This work will be utilised by the collaboration in order to improve under-
standing of the response of the AGATA capsules as well as the validity of PSA
calculations utilised in nuclear structure experiments.
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Singles Images
The full collection of front face figures are given in this section. They are
included for interest and completeness.
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Figure A.1: A004 (top) and A006 (bottom) clockwise/anticlockwise average
image charge asymmetry per position.
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Figure A.2: A004 (top) and A006 (bottom) T30 segment risetime. The T30
segment rise times clearly illustrate the 6-fold symmetry of the detector.
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Figure A.3: A004 (top) and A006 (bottom) T30 core risetime. The T30 for
every ring is shown. The 4-fold symmetry of the crystal axis is clearly observed.
A more detailed discussion is included on Section 4.5
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Figure A.4: A004 (top) and A006 (bottom) T90 Segment Risetime. The T90
segment risetimes illustrate the discontinuation of segmentation across the crys-
tal due to a greater dependance of charge collection on the anisotropic drift
velocity
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Figure A.5: A004 (top) and A006 (bottom) T90 Core Risetime. A more detailed
discussion is included on Section 4.5
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Reduced Bias Scan Images
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Figure B.1: A004 (top) and A006 (bottom) photopeak intensity per position at
50 V. A more detailed discussion is included on Section 4.7.
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Figure B.2: A004 (top) and A006 (bottom) photopeak intensity per position at
100 V. A more detailed discussion is included on Section 4.7.
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Figure B.3: A004 (top) and A006 (bottom) photopeak intensity per position at
250 V. A more detailed discussion is included on Section 4.7.
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Figure B.4: A004 (top) and A006 (bottom) photopeak intensity per position at
500 V. A more detailed discussion is included on Section 4.7.
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Figure B.5: A004 (top) and A006 (bottom) photopeak intensity per position at
750 V. A more detailed discussion is included on Section 4.7.
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Figure B.6: A004 (top) and A006 (bottom) photopeak intensity per position at
1000 V. A more detailed discussion is included on Section 4.7.
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Figure B.7: A004 (top) and A006 (bottom) photopeak intensity per position at
1500 V. A more detailed discussion is included on Section 4.7.
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Figure B.8: A004 (top) and A006 (bottom) photopeak intensity per position at
2000 V. A more detailed discussion is included on Section 4.7.
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Figure B.9: A006 photopeak intensity per position at 3000V (top) and 4000
V (bottom). A more detailed discussion is included on Section 4.7.
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Capsule Manual Data Sheet
Canberra has provided tested segment resolution values as well as e ciency
values for each detector, which are specified below.
133
Figure C.1: A004 Canberra detector specifications. The segment labelling
scheme is translated between Canberra (ABCDEF) to AGATA (AFEDCB).
134
Chapter C: Capsule Manual Data Sheet
Figure C.2: A006 Canberra detector specifications. The segment labelling
scheme is translated between Canberra (ABCDEF) to AGATA (AFEDCB)
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